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ABSTRACT
THE AQUATIC GEOCHEMISTRY OF THE PARTICLE-REACTIVE 
RADIONUCLIDES P0-210, PB-210, AND BE-7
James Forrest Todd 
Old Dominion University, 1984
Integrated monthly wet-only and bulk precipitation
samples for Be-7 and Pb-210 analysis were collected from
November 1982 through October 1983 at two sites in lower
Chesapeake Bay. Atmospheric deposition fluxes for Be-7 in
wet-only and bulk precipitation averaged 0.013 and 0.014 
2pCi/cm /d, respectively, and for Pb-210 averaged 0.36
2and 0.40 pCi/cm /yr, respectively, suggesting that dry 
deposition makes only a minor contribution to the total 
fluxes.
A seasonal trend was observed in the depositional flux 
of Be-7, with a pronounced maximum in the Spring. 
Approximately 40 percent of the annual Be-7 deposition 
occurred between February and April, with a maximum in 
March. This is consistent with the injection of Be-7 of 
statospheric origin into the tropopause during the vernal 
tropopause break. Pb-210 exhibited a slightly weaker 
seasonal trend, with ca. 35 percent delivered between
February and April, which appears to be related to the rate
at which its parent, Rn-222, emanates from the earth. The
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average deposition velocities for Be-7 and Pb-210 in bulk 
precipitation were 1.5 and 0.8 cm/s, respectively.
The removal behaviors of two atmospherically-derived
radionuclides, Pb-210 and Be-7, have been examined in 
real-time following their deposition to a shallow coastal 
bay by four precipitation events. In general, there was a 
marked elevation in the water column concentrations 
following a precipitation event and the concentrations 
decreased with time. The removal residence times of these 
radionuclides were on the order of several days. Po-210 
exhibited similar behavior. Since the atmospheric flux of 
Po-210 is small, the elevated concentrations of Po-210
following a precipitation event may result from the 
mobilization of Po-210, in the dissolved form, from
sediments.
Vertical profiles of dissolved Po-210, Pb-210, and
Ra-226 were obtained the Orca Basin, an anoxic, hypersaline 
and yet non-sulfide bearing basin. At the seawater-brine 
interface at 2230 m, a sharp maximum was observed in the
profiles of Po-210 and Pb-210, reaching concentrations of 
56.0 and 28.3 dpm/100 kg, respectively. These are some of 
the highest values reported for the open ocean. These 
sharp maxima may be caused by a combination of the
dissolution of hydrous manganese oxides and the
decomposition of biogenic particulate material. Below the
interface, concentrations decreased to ca. 9 and 6 dpm/100 
kg, respectively. These concentrations are much higher
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than those observed in sulfide-bearing anoxic basins. The 
residence time of Pb-210 in the brine is estimated to be 
ca. 1 year.
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Statement of the Problem
Many elements and compounds tend to associate rapidly 
with particulate matter through physical, chemical, or 
biological processes following their introduction to 
aquatic systems and are referred to as "particle-reactive". 
Some organic consituents (e.g., PCB, hydrocarbons, kepone), 
trace metals (e.g., lead), and fallout radionuclides (e.g., 
Pu-239,240) are well-known examples of particle-reactive 
substances. The transformation of a dissolved chemical 
species (i.e., operationally defined as that material able 
to pass through a filter having a 0.45 um pore-size) to 
particulate form may be accomplished through a suite of 
processes which include coprecipitation, adsorption, 
precipitation, ion-exchange, flocculation, and interaction 
with biogenic material (Olsen et al., 1982). The 
partitioning of chemical constituents between dissolved and 
particulate forms is paramount in detemining their 
subsequent biogeochemical behavior and ecological impact. 
Some of the processes which may affect the distributions of 
chemical elements in the aquatic environment have been 
presented schematically in Figure 1.1. Dissolved and












_  Oissoived 
_  Chemical 
»  Species
Figure 1.1. Processes which may alter the distributions of 
chemical elements in the aquatic environment 
(from Edgington, 1981).
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particulate species are inherently subject to different 
behavior in the water column. Whereas dissolved species 
may intimately follow the associated water parcel and be 
continuously diluted, particulate forms are available to 
sedimentation processes and may accumulate near their 
source. Increased dispersal of dissolved species may be 
accomplished through their interactions with biota.
Marine radiogeochemists have recently attempted to 
establish the rates of removal of stable particle-reactive 
elements from seawater through the application of 
radioactive analogues. Radioactive tracers are ideal for 
the study of marine biogeochemical processes because 
contamination problems are substantially reduced in 
relation to analysis of their stable counterparts, and 
their characteristic half-lives provide a means by which 
time information can be extracted. This dissertation will 
primarily focus on the use of the naturally-occurring 
radionuclides Po-210, Pb-210, and Be-7, for establishing 
rates of particle-reactive element removal, under various 
environmental conditions, in the aquatic environment. In 
particular, I seek to answer the following questions:
1) What are the rates and characteristics of delivery 
of Be-7 and Pb-210 to the aquatic environment?
2) What is their subsequent fate following atmospheric 
deposition?
3) What processes predominantly control their removal 
from the environment?
4) How does the environmental setting affect the rates at 
which particle-reactive radionuclides are removed from 
solution?
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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Dissertation Organization
In order to provide answers to the questions posed
above, the dissertation has been organized into the
following format, where,
In Chapter 2, I present quantitative information 
regarding the atmospheric delivery of Be-7 and Pb-210 to
lower Chesapeake Bay, and discuss the influence of
seasonality and precipitation amount on their removal from 
the atmosphere.
In Chapter 3, I have used an in situ removal model for 
Be-7 and Pb-210 in order to investigate their
biogeocheraical behavior following atmospheric delivery to 
the aquatic environment.
In Chapter 4, I present data for Po-210, Pb-210, and
Ra-226 in waters overlying and in the Orca Basin, an 
anoxic, hypersaline basin in the Gulf of Mexico to examine 
the removal behavior of particle-reactive radionuclides
from seawater.
In Chapter 5, I present a brief overview of the
dissertation.
In Appendix A, I present the computer program used to
correct water samples (for Po-210 and Pb-210 analyses) for
ingrowth and decay. The computer program used to calculate 
marsh-sediment Pb-210 activities is also provided.
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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In Appendix B, I present data from a sequential 
leaching study for Pb-210 in a coastal bay sediment to 
elucidate on the sedimentary components with which it is 
predominantly associated.
In Appendix C, I report the results of a Po-210/Pb-210 
intercalibration experiment with Dr. Ken Bruland 
(University of California; Santa Cruz, CA).
The Geochemical Behavior of Particle-Reactive Elements in 
Coastal Environments as Inferred from the Distributions 
of Radioactive Analogues
The removal rates of reactive pollutants (e.g., DDT, 
PCB, kepone, hydrocarbons, trace metals), so classified 
because of their affinity for particulate phases, have 
previously been inferred through the use of Th-228
(half-life= 1.91 years) and Th-234 (half-life= 24.1 days),
members of the Th-232 and U-238 natural radioactive series 
(Figure 1.2), respectively, as radioactive analogues 
(Broeclcer et al., 1973; Li et al., 1979, 1980, 1981; 
Santschi et al., 1979, 1980a,b; Feely et al., 1980; Kaufman
et al., 1981). Broecker et al. (1973) developed a
material-balance model for dissolved Th-228 which balanced 
Th-228 production by the radioactive decay of its largely 
soluble parent, Ra-228 (half-life= 5.75 years), with the 
radioactive decay of Th-228 and the removal of Th-228 by 
settling particulate matter. Their model is shown below:
N p  A p  =  N,p A rp +  Nrp A q  
where, Np and are the number of Ra-228 and
Th-228 atoms per unit volume of water, respectively, Ap















































































































Figure 1.2. The natural U— 238 and Th— 232 radioactive decay series.
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and A .j, are the decay constants for Ra-228 and Th-228, 
and A^ is the removal rate constant for Th-228. Since 
Np Ap and Np A .j, are the activities of Ra-228 
(Ap) and Th-228 (A^,), respectively, per unit volume 
of water, the equation can be transposed to yield A
A _ 1 ~ R x C “ R T
where R is the Th-228/Ra-228 activity ratio. The removal 
residence time (i.e. the average time a dissolved Th-228 
resides in the water column with respect to removal) is 
given by,
T „ -  1 R 1w Aq 1 R A ip
By measuring the depletion of Th-228 relative to Ra-228 in 
the water column (i.e., from activity ratios of
Th-228/Ra-228), it is possible to calculate the removal
residence time of Th-228. Broecker et al. (1973)
calculated the removal residence time of Th-228 in the 
surface world ocean to be ca. 250 days based on an average 
Th-228/Ra-228 activity ratio of 0.21. This estimate agrees 
well with that reported by Feely et al. (1980) for waters 
of the Sargasso Sea and Gulf Stream. Using the same
approach for the New York Bight, Li et al. (1979) reported
removal residence times in the summer of 16 days for 
continental shelf surface waters, 42 days for shelf winter 
water, and 100 days for slope surface water. In the fall, 
removal residence times for Th-228 were 25 days for inner
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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shelf surface waters, 40 days for outer shelf surface 
water, and 100 days in slope surface water. In the winter, 
Li et al. (1981) found removal residence times between 198 
and 280 days in surface slope water, twice that found in 
the summer and fall seasons. These results suggest a
possible seasonal control upon Th-228 removal from coastal 
waters. In experiments conducted over several seasons in
Narragansett Bay, Santschi et al. (1979) reported removal
residence times for Th-228 ranging from 2-22 days, based on 
Th-228/Ra-228 activity ratios between 0.002 and 0.021. 
Santschi et al. (1979) further indicated that Th-228 and
Th-234 removal were governed by sediment resuspension, with 
most rapid removal in the summer when resuspension was 
high. Investigations of Th-228 and Th-234 in open ocean
and estuarine waters have generally revealed a reduction in 
removal residence time with an increase in particulate 
matter concentration (Bhat et al., 1969; Matsumoto, 1975; 
Kaufman et a l ., 1981). Removal residence times only
reflect net removal (i.e., removal by all scavenging
processes) and do not allow one to establish the exact 
mechanisms involved in nuclide removal. However, they do 
provide a means by which removal behavior of different 
radionuclides can be compared. From a knowledge of the 
removal rates of a particular radionuclide, predictions may 
be made concerning the removal behavior of chemical species 
which may behave analogously in the marine environment.
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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Radionuclide removal rates calculated from
parent-daughter activity ratios and mass-balance models are 
indirect estimates, and require the assumptions of 1) 
steady state and 2) negligible advective input or removal 
by water exchange, which may not be valid in coastal 
environments. In fact, Tanaka et al. (1983) recently 
suggested that application of steady-state models to 
Th-234, Po-210, and Pb-210 distributions is not valid in
coastal or surface ocean waters due to the seasonal 
variability of biological activity in these regions.
Several investigators have attempted to follow the 
dissappearance of particle-reactive radionuclides directly, 
after their artificial introduction to experimental systems 
(Hesslein et al., 1979, 1980; Santschi et al., 1979,
1980a,b, 1982, 1983a,b; Adler et al., 1980; Santschi, 1982; 
Amdurer et al., 1983). Santschi et al. (1980b) studied the 
behavior of twelve artificially-introduced radioactive 
tracers (Cr-51, Mn-54, Co-58, Fe-59, Zn-65, Se-75, Cd-115m, 
Cs-134, Po-210, Pb-210, Ra-226, and Th-228) in MERL (Marine
Ecosystems Research Laboratory) and EPA (Environmental 
Protection Agency), microcosms to determine the scavenging 
rates and processes of their stable counterparts in 
Narragansett Bay. Results indicated that most metals were 
removed exponentially with time (i.e first-order). In 
addition, the radioactive nuclides employed were classified 
into four groups based on scavenging behavior. Metals with 
the most rapid removal were Fe, Th, Po, Cr(III), and
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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Se(IV), having removal residence times of ca. 12 days in 
the spring to 10-40 days in the summer. Zn and Cd were 
removed more slowly, with removal residence times between
70 and 580 days. Santschi et al. (1983b) found that the 
mobility of Pb-210, Th-228, Th-234, and Pu-239,240 in MERL 
microcosms and Narragansett Bay was governed by their 
particle affinity and particle dynamics. Particles which 
remain suspended in the water column for long periods of 
time may be expected to have higher radionuclide specific
activities compared to those which settle rapidly (Santschi 
et al., 1983a). The relatively short timescales reported 
for Th-228 removal in coastal waters, as well as Fe-59, 
Th-228, Po-210, Cr-51, and Se-75 in MERL and EPA
microcosms, suggest that temporal variability of 
environmental parameters such as particulate matter 
concentration, primary production, etc. may control the
rate at which reactive elements are removed from solution.
The use of artificial enclosures to infer the removal
behavior of particle-reactive radionuclides in coastal
waters has several inherent problems, the most obvious of 
which is the question of validity when extrapolating 
results to natural aquatic systems. Santschi et al.
(1983a), however, suggested that an agreement between 
Th-234 removal residence times in MERL tanks and
Narragansett Bay, and those from Th-228 added only to a 
MERL tank, was sufficient evidence to support valid 
extrapolation of removal rates determined in microcosms to
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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those in Narragansett Bay. Another possible problem arises 
through the assumption that the chemical species of 
radiotracer artificially "spiked" into the experimental
system, actually represents the species added naturally.
Santschi et al. (1980c, 1983b) addressed this problem by
explaining that the differences in removal residence times 
obtained for fallout Pu-239,240 in Narragansett Bay waters 
and "spiked" Pu-236 in MERL tanks, were due to "spiked" 
Pu-236 predominantly existing as Pu(III+IV), x^hereas 
fallout Pu-239,240 in coastal waters was mainly Pu(V+VI). 
Other problems encountered in artificial microcosms include 
adsorption onto container surfaces, contamination, light 
quality, etc. and have been reviewed in detail by Santschi 
(1982) and Santschi et al. (1982).
In an attempt to directly study removal rates and
pathways of chemical elements in natural aquatic systems, 
Hesslein et al. (1980) spiked 200 to 500 mCi of Se-75, as 
sodium selenite, and Hg-203, Cs-134, Fe-59, Zn-65, and
Co-60, as chloride salts, to Experimental Lake 224 (26 ha) 
in northwestern Ontario. All nuclides were found to have 
exponential removal with time after addition, suggesting 
the dependence of removal rate on nuclide concentration. 
To date, there have been no reported studies describing the 
removal behavior of radionuclides added "naturally" to a 
natural aquatic system. The most convenient radionuclide 
input mechanism for such a study would be atmospheric 
deposition.
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Geochemistry of Po-210 and Pb-210
Po-210 and Pb-210 are both members of the U-238 
natural radioactive decay series (Figure 1.2). Following 
the decay of Ra-226 in the lithosphere and hydrosphere,
Rn-222, being an inert noble gas, escapes into the
troposphere where it decays to Pb-210 through a series of 
short-lived daughter nuclides. The flux of Rn-222 from the 
hydrosphere is small, amounting to less than 2 percent of 
the Rn-222 emanated from the continents (Wilkening and 
Clements, 1975). Dynamic processes which control the 
distribution of Rn-222 in the troposphere ultimately govern 
the dispersion of its short-lived daughter products (Jacobi 
and Andre, 1963; Moore et al., 1972). Since Rn-222 
daughters are electrically charged and chemically reactive, 
they rapidly associate with atmospheric aerosols (Junge, 
1963). Junge (1963) found that ca. 25 percent of the
Po-218 and virtually all of Pb-214 was attached to
atmospheric aerosols, which suggests that attachment occurs 
within minutes after the daughter products are formed.
Rn-222 daughters are primarily associated with 
aerosols having submicron diameters (Lassen and Weicksel, 
1961; Lockhart et al., 1965; Soilleux, 1970; Martell and 
Moore, 1974; Moore et al., 1980; Talbot and Andren, 1983). 
According to Martell and Moore (1974), 90 percent of
atmospheric Pb-210 and Bi-210 is associated with aerosols 
having diameters 0.3 um. Cascade impactor studies by
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Sanak et al. (1981) indicated that 70 to 90 percent of 
Pb-210 was attached to particles with diameters of less 
than 1.2 um.
The tropospheric aerosol residence time (i.e., the 
average time an aerosol resides in the troposphere with
respect to removal by wet and dry fallout) has been
calculated utilizing disequilibrium between Rn-222 and 
Pb-210, Bi-210 and Pb-210, or Po-210 and Pb-210 in air
(Lehmann and Sittkus, 1959; Burton and Stewart, 1960; 
Lambert and Nezami, 1965; Peirson et al., 1966; Frances et
a l ., 1970; Moore et al., 1972, 1973, 1974, 1980; Poet et
al., 1972; Gavinni et al., 1974; Tsunogai and Fukuda, 
1974). The Bi-210 - Pb-210 couple gives the most reliable
results (Moore et al., 1973; Turekian et a l ., 1977), and
tropospheric aerosol residence times on the order of one
week are the most widely accepted (Poet et a l ., 1972; Moore 
et a l ., 1972, 1973, 1980). In the coastal marine
environment, it is likely that sea-salt particles make up a 
significant fraction of the aerosols in the lower
troposphere (Chesselet et al., 1972; Delaney et al., 1973;
Duce and Hoffman, 1976) and may therefore be expected to 
dissolve in wet precipitation.
Po-210 and Pb-210 are both delivered to the marine 
environment by wet and dry fallout (Turekian et al., 1977). 
Evidence suggests that both radionuclides are delivered 
predominantly by wetfall (Talbot and Andren, 1983). The 
atmospheric deposition of Po-210 and Pb-210 is termed
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unsupported (Figure 1.3). Po-210 and Pb-210 may also be
supplied to the marine environment by the in situ decay of
their parents, Pb-210 and Ra-226, respectively, which is
termed supported. In shallow aquatic systems, unsupported
Pb-210 will dominate the total (i.e. unsupported and
supported fractions) Pb-210 (Benninger, 1978). However, as
a result of the relatively short residence times of
tropospheric aerosols, and the long half-life of Pb-210,
the unsuppored flux of Po-210 is generally small,
frequently amounting to ca. 10 percent of the unsupported
Pb-210 flux (Poet et al., 1972; Talbot and Andren, 1983).
Thus, Po-210 is introduced to the aquatic environment
primarily as a decay product of Pb-210 in situ.
The delivery rate of unsupported Pb-210 by atmospheric
deposition fluxes has been determined by direct measurement
of precipitation (Nevissi, 1982; Turekian et al., 1983) and
by integrated soil and salt marsh sediment profiles
(Fisenne, 1968; McCaffrey and Thomson, 1974; Benninger et
al., 1975; Moore and Poet, 1976; McCaffrey, 1977;
Benninger, 1978; and Nozaki et al., 1978). For the Eastern
United States, the average atmospheric flux of Pb-210 has
2been found to be ca. 0.45 pCi/cm /yr, supporting a
2steady-state standing crop of ca. 14.4 pCi/cm .
Once delivered to the aquatic environment, 
particle-reactive Po-210 and Pb-210 may associate with 
particulate matter (Rama et al., 1961; Craig et al., 1973;
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Figure 1.3. Delivery pathways of Pb-210 and Be-7 to the 
aquatic environment.
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Nozaki et al., 1976; Thomson and Turekian, 1976; Bacon, 
1977; Bacon et al., 1976, 1980a; Lewis, 1977; Schell, 1977; 
Turekian, 1977; Benninger, 1978; Chung, 1981), organisms 
(Shannon et al., 1970; Beasley et al., 1973; Schell et al., 
1973; Bruland et al., 1974; Cherry and Shannon, 1974;
Turekian et al., 1974; Cherry et al., 1975; Nevissi and
Schell, 1975; Heyraud et al., 1976; Kharkar et al., 1976; 
Cowen et al., 1976; Beasley et al., 1978; Heyraud and 
Cherry, 1979; Hodge et al., 1979), and organic chelates
(Musani et al., 1977). The relative importance of these
interactions may not be the same for Po-210 and Pb-210, 
however. Benninger (1976) suggested that inorganic phases 
or fragments of biogenic origin might be the predominant 
removal mechanism for Pb— 210, since net zooplankton 
collected from Long Island Sound failed to show Pb-210 
enrichment, yet indicated effective removal for Po-210. 
This phenomenon was also observed by Bacon et al. (1976), 
who calculated a removal residence time of 0.61 year (ca. 
220 days) for Po-210 in the mixed layer (i.e. upper 100 
meters) of the Atlantic Ocean. From 100-300 meters, 
however, Bacon et al. (1976) observed that Po-210 was 
effectively recycled, since 67 percent of that which had 
been removed from the mixed layer became solubilized. The 
recycling efficiency of Pb-210 in the same layer, however, 
was only 5 percent, suggestive of a different transport 
mechanism for this nuclide from the surface waters. 
Effective recycling of Po-210 in the mixed layer of the
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ocean prompted Kharkar et al. (1976) to suggest a 
similarity between Po-210 and nutrients (i.e. nitrate, 
phosphate, silicate). Data acquired by Shannon et al. 
(1970) from the eastern South Atlantic, clearly supports 
the hypothesis that efficient removal of Po-210 in the 
surface ocean is governed by biological organisms which may 
concentrate Po-210 several hundred times that found in 
seawater. The similarity between the 0.7 year removal 
residence time reported by Broecker et al. (1973) for
particle-reactive Th-228 in the surface ocean and the 0.6
year value calculated by Cherry et al. (1975) for Po-210,
attests to the highly reactive nature of Po-210. Indeed,
recent observations by Li et al. (1979), in waters of the 
New York Bight, indicate that whereas Po-210 is intimately 
associated with the phytoplankton-zooplankton-fecal pellet 
transport pathway, removal times suggest that Pb-210, like 
Th-228, is primarily removed by adsorption onto suspended
phases. In Table 1.1, a comparison of removal rates for
Po-210 and Pb-210 in coastal and oceanic waters based on
Po-210/Pb~210 and Pb-210/Ra-226 activity ratios, 
respectively, is presented.
Rama et al. (1961) were the first to report Pb-210 
concentrations in the ocean. Since that time, and largely 
due to the GEOSECS (Geochemical Ocean Sections Studies) 
program, vertical profiles of Po-210 and Pb-210 have now
been obtained for most of the major world ocean basins and 
some marginal seas (Craig et al., 1973; Applequist, 1975;
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Table 1.1. Removal Residence Times of Po-210 and Pb-210 in Coastal and 
Oceanic Waters
Location T Po t pb Reference
(years) (years)
SURFACE OCEAN


















  0.63 Nozaki and Tsunogai (1973)
0.6 5 Shannon et al. (1970)
0.6 1.7 Nozaki et al. (1976)
  2 Rama et al. (1961)
  20-75 Chung and Applequist (1980)
0.16 7 Bacon et al. (1980a)
MID- TO DEEP-OCEAN
North Pacific   54 Craig et al. (1973)
Deep Water
North Pacific   108-468 Nozaki et al. (1980)
(979-4351 m)
North Atlantic   50 Craig et al. (1973
Deep Water
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Table 1.1 (Cont'd). Removal Residence Times of Po-210 and Pb-210 in

































3-42 Santschi et al. (1979)
3 Santschi et al. (1980a,b)
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Nozaki and Tsunogai, 1976: Somayajulu and Craig, 1976;
Thomson and Turekian, 1976; Bacon et al., 1976, 1980a,b; 
Chung and Applequist, 1980; Nozaki et al., 1980; Spencer et 
al., 1980, 1981; Chung, 1981; Chung et al., 1982; Chung
and Craig, 1983; Cochran et al., 1983). Although Pb-210 is 
particle-reactive, greater than 90 percent of it in the
ocean is found in the dissolved phase (Applequist, 1975; 
Bacon et al., 1976); operationally defined as that fraction 
able to pass through a 0.45 um pore-size filter. It has 
been suggested that dissolved Pb-210 actually exists in the
colloidal form in seawater (Schell, 1977). The vertical
profiles of dissolved Pb-210 and Ra-226 from GE0SECS 
Pacific Station 314 are shown in Figure 1.4 to illustrate 
predominant features in oceanic Pb-210 distributions. In 
surface or near-surface waters, Pb-210 activity is usually 
found to be in excess of parent Ra-226, ascribed to 
atmospheric contribution of the former. Removal residence
times for Pb-210 in the surface ocean based on
Pb-210/Ra-226 activity ratios and box-model calculations 
are ca. 1 year (Rama et al., 1961; Nozaki et al., 1976; and 
Bacon et al., 1976). Below the thermocline, Pb-210 and 
Ra-226 reach secular equilibrium as the atmospheric Pb-210 
signal is substantially reduced, or absent, and Pb-210 is 
supplied mainly by in situ Ra-226 decay. A marked
deficiency of Pb-210 relative to Ra-226 is observed at
greater depths. Concentrations of Pb-210 and Ra-226 in 
mid-depth to deep waters are rather uniform, until the
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Figure 1.4. Vertical profiles of dissolved Pb-210 and 
Ra-226 from GE0SECS Pacific Station 314 
(Applequist, 1975).
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Geochemistry of Be-7
The existence of the cosmogenic radionuclide Be-7 in 
nature was first reported by Arnold and Al-Salih (1955) in 
precipitation samples. Be-7 is formed by the spallation of 
atmospheric nitrogen and oxygen by cosmic rays in the upper 
atmosphere. Due to atmospheric dynamics, the delivery of 
Be-7 to the troposphere and the e a r t h ’s surface is not 
uniform and has been reported to be a function of both 
latitude and altitude (Peters, 1959; Lai and Peters; 1967; 
Young et al., 1970a). The production rate of Be-7 
increases with increasing altitude, a result of the
relative slowing of high-energy neutrons by inelastic and 
elastic collisions in the lower atmosphere. Because of 
this phenomenon, as well as the lack of sufficient removal 
processes in the upper atmosphere, stratospheric air
concentrations of Be-7 are found to be greater than those
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(Data from Bacon et al., 1976)
Figure 1.5. Difference plot of dissolved Po-210 and Pb-210 
versus depth in the tropical North Atlantic 
Ocean (Bacon et al., 1976).
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in the troposphere (Lai et a l . s 1958; Peirson, 1963; Young 
et al., 1970b). In terms of overall production of Be-7, it 
has been estimated that ca. 70 percent is produced in the 
stratosphere, with only ca. 30 percent being produced in 
the troposphere (Thomas et al., 1970).
Following its formation, Be-7, being
particle-reactive, attaches quickly to atmospheric aerosols 
(Figure 1.3). Limited data are available, however, 
describing the predominant aerosol size fractions with 
which Be-7 is primarily associated. Greater than 80 
percent has been found to be attached to aerosols having 
diameters less than 1.1 um and only 1 percent is associated 
with the fraction greater than 7 um (Ludwick et al., 1975; 
Young and Silker, 1974; 1980). This is similar to the
distributions found by Martell and Moore (1974) for Po-210, 
Bi-210, and Pb-210 and results for known anthropogenic 
pollutants (Young et al., 1975).
The mixing of stratospheric air into the troposphere 
has been shown to have a distinct seasonal trend, with 
higher activities of Be-7 normally being reported in the 
Spring (Cruikshank et al., 1956; Parker, 1962; Peirson, 
1963). During this period, a thinning of the tropopause 
occurs, and the vertical movement of stratospheric air into 
the troposphere is less restricted (Machta, 1959). 
Downmixing of stratospheric air injects cosmogenic Be-7 
into the troposphere, where it may be scavenged by 
precipitation processes (Machta, 1959; Peters, 1959).
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Although timescales reported for tropospheric removal vary,
it is generally thought to be on the order of one month
(Rama Thor and Zutshi, 1958; Peters, 1959; Lai et al.,
1960; Lai and Peters, 1967; Shapiro and Forbes-Resha, 1976;
Bleichrodt, 1978).
Be-7 has been used as a tracer for the examination of
atmospheric circulation (Lai et al., 1958, 1960; Rama Thor
and Zutshi, 1958; Peters, 1959; Gustafson et al., 1961;
Parker, 1962; Peirson, 1963; Bleichrodt and van Abkoude,
1963; Schumann and Stoeppler, 1963). Because of its
appropriate half-life and atmospheric geochemistry, Be-7
has also been applied successfully as a tracer for the
calculation of mean aerosol residence times (Shapiro and
Forbes-Resha, 1976; Bleichrodt, 1978) and particle
deposition velocities (Young and Silker, 1974, 1980;
Crecelius, 1981; Turekian et al., 1983) in the troposphere.
The annual rates of Be-7 deposition from the
troposphere have been estimated directly through the
measurement of integrated monthly rain samples (Turekian et
al., 1983). Likewise, soil-sediment core Be-7 inventories
have been used to indirectly determine Be-7 deposition
rates (Monaghan et al., 1983). Young and Silker (1980)
reported that the average Be-7 flux to the ocean surface in
the Northern Hemisphere, as derived from integrated surface
2ocean Be-7 inventories, was ca. 0.009 pCi/cm /d, which
2is not significantly different than the 0.008 pCi/cm /d 
value derived for the entire world by Lai and Peters
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2(1967), A Be-7 deposition flux of 0.008 pCi/cm /d ,
therefore, would support a steady-state water column Be-7
2inventory of 0.6 pCi/cm .
Reliable estimates of Be-7 concentrations in the ocean 
have only recently become available with the advent of 
large volume seawater sampling systems and extraction 
methods (Silker et al., 1968, 1971; Silker, 1975). Results 
of earlier work depicting oceanic Be-7 concentrations are 
questionable, due to the lack of sufficient quality control 
in Be-7 extraction efficiency estimates (Lai et al., 1964). 
Penetration of Be-7 in the ocean is generally limited to 
the upper hundred meters (Young and Silker, 1980), and for 
this reason Be-7 is a valuable tracer of oceanic mixing 
processes. Be-7 has proven especially useful in estimating 
the rates of vertical eddy diffusion in the main 
thermocline (Silker, 1972a, 1972b; Young and Silker, 1974; 
Aaboe et al., 1981). In vertical oceanic profiles of Be-7 
from the Atlantic GE0SECS cruise, Silker (1972b) showed 
that in the surface mixed layer, Be-7 and temperature 
profiles are strongly correlated, with uniform mixing of 
both parameters. Below the top of the thermocline 
(situated at ca. 35 meters), Be-7 concentrations decrease 
exponentially with depth in the thermocline, to an 
extinction depth just below ca. 100 meters, where virtually 
all of the Be-7 has decayed away.
The assumption of conservative behavior of Be-7 in the 
ocean is essential to its use as a tracer of ocean mixing.
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Silker et al. (1968) have shown that less than 10 percent 
of oceanic (Atlantic and Pacific Ocean samples) Be-7 was 
found in the particulate phase, suggesting that Be-7 exists 
predominantly dissolved in the ocean. In samples obtained 
from a large volume in situ seawater filtration system
(Bishop and Edmond, 1976), Bishop et al. (1977) reported 
that surface adsorption, rather than active uptake, 
controlled the removal of Be-7 to the particulate phase in 
the near surface ocean. This conclusion was drawn since
the only detectable particulate Be-7 activity occurred in
the 1-53 um fraction, with no detectable activity present
in the >53 um sample.
The use of Be-7 as an analogue for particle-reactive 
elements in coastal environments has only recently been 
investigated and removal times on the order of days are 
typically reported (Bloom and Crecelius, 1983; Tanaka and 
Tsunogai, 1983; Olsen et al. , 1984). Using Be-7
inventories from Long Island Sound sediments, Aaboe et al. 
(1981) found a deficiency of Be-7 in relation to that
predicted by the measured atmospheric flux, and ascribed
this to the existence of other Be-7 sinks (e.g. basin
margins) within the Long Island Sound system. In a similar 
study in the James River Estuary, Olsen et al. (1984) were 
able to establish zones of pollutant (e.g. kepone) 
accumulation based on sediment cores having the predicted 
atmospheric Be-7 flux. Further, Olsen et al. (1984) 
reported a direct correlation between suspended particulate
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Be-7 specific activity and removal residence time, 
reflecting the length of time a particle remained suspended 
in the water column. This implies that in shallow, 
quiescent, low-energy environments, particulate matter 
carrying Be-7 settles rapidly, allowing the seabed to 
retain the entire atmospheric inventory. In high-energy 
environments where scouring and resuspension are active 
processes, Be-7 associated with particulate matter may
decay in situ, never reaching the seabed, or may be
repeatedly recycled on or off of it. Crecelius (1981) has 
suggested that Be-7 reactivity is directly related to
particulate matter concentrations, as observed in waters 
from Sequim Bay, Washington. This is to be expected in 
light of rapid removal of other particle-reactive 
radionuclides (i.e., Th-228, Th-234, Po-210, Pb-210) as
coastal waters are approached. This viewpoint is in good 
agreement with the sediment trap data of Tanaka and
Tsunogai (1983) from Funka Bay, Japan, for which a 
similarity between Be-7 and another known highly-reactive 
radionuclide, Th-234, was suggested.
Once Be-7 has been deposited in sediment of lake or 
coastal origin, it may be useful as a tracer of short-term 
particle mixing rates (Krishnaswami et al., 1980).
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CHAPTER 2
ATMOSPHERIC DEPOSITION FLUXES OF BE-7 AND PB-210 
TO LOWER CHESAPEAKE BAY
ABSTRACT
Integrated monthly wet-only and bulk precipitation
samples for Be-7 and Pb-210 analysis were collected from
November 1982 through October 1983 at two sites in lower
Chesapeake Bay. Atmospheric deposition fluxes for Be-7 in
wet-only and bulk precipitation averaged 0.013 and 0.014 
2pCi/cm /d, respectively, suggesting that dry deposition
makes only a minor contribution to the total flux. Bulk
Be-7 deposition fluxes are in good agreement with those
measured concurrently at Oak Ridge National Laboratory 
2(0.011 pCi/cm /d), but only about half that reported
2for New Haven, Connecticut (0.028 pCi/cm /d).
Atmospheric deposition fluxes for Pb-210 in wet-only
and bulk precipitation averaged 0.36 and 0.40 
2pCi/cm /yr, respectively. These fluxes compare well 
with those derived from integrated monthly precipitation 
samples and soil- and marsh-sediment core inventories for 
the Eastern USA.
A seasonal trend was observed in the depositional flux 
of Be-7, with a pronounced maximum in the Spring.
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Approximately 40 percent of the annual Be— 7 deposition
occurred between February and April,, with a maximum in 
March. This is consistent with the injection of Be-7 of 
statospheric origin into the tropopause during the vernal 
tropopause break. Because of its short half-life,
month-to-month variations in the Be-7 flux may also reflect 
its dependence upon local meteorological conditions. Thus, 
atmospheric flux data must be obtained concurrently when 
using Be-7 as a tracer in natural aquatic systems. Pb-210 
exhibited a slightly weaker seasonal trend, with ca. 35
percent delivered between February and April. This trend 
appears to be related to the rate at which its parent, 
Rn-222, emanates from the earth.
Washout ratios for Be— 7 and Pb— 210 in bulk
precipitation samples averaged ca. 490 and ca. 240, 
respectively. The average deposition velocities for Be-7
and Pb-210 in bulk precipitation were 1.5 and 0.8 cm/s, 
respectively. The deposition velocities are consistent
with those reported by previous investigators, implying 
that elements behaving similar to their radioactive
analogues (i.e. aerosol attachment, chemical reactivity,
etc.) may be delivered to the marine environment with 
similar deposition velocities.
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INTRODUCTION
Naturally-occurring radionuclides have been employed 
for a number of years as tracers and chronometers in the 
study of marine geochemical processes. In particular,
particle-reactive radionuclides, such as Be-7 and Pb-210,
have given insight into rates of sediment mixing (Benninger 
et al., 1979; Krishnaswami et al., 1980; Johansen and 
Robbins, 1982), sedimentation (Koide et al., 1972, 1973; 
Thomson et al., 1975; Goldberg et al., 1977, 1978, 1979;
Smith and Walton, 1980; Benninger and Krishnaswami, 1981), 
particle transport (Spencer et al., 1978; Brewer et al., 
1980; Krishnaswami et al., 1981; Robbins and Eadie, 1982; 
Serodes and Roy, 1983; Tanaka and Tsunogai, 983), and 
removal of particle-reactive elements (Craig et al., 1973; 
Nozaki and Tsunogai, 1976; Thomson and Turekian, 1976; 
Bacon et al., 1976; Crecelius, 1981; Olsen et al., 1984) in 
natural aquatic systems. The sources of these 
radionuclides to shallow aquatic environments (e.g.
Chesapeake Bay) are primarily atmospherically-derived.
Be-7 is formed by the spallation of atmospheric nitrogen 
and oxygen by cosmic rays (Arnold and Al-Salih, 1955; Lai 
et al., 1958), whereas Pb-210 is produced from the decay of 
its precursor Rn-222, an inert noble gas, which escapes 
into the atmosphere predominantly from crustal material 
(Pearson and Jones, 1965; Turekian, 1977).
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The production of Be-7 occurs mainly in the 
stratosphere (Lai et al., 1958; Thomas et al., 1970). 
However, since the residence time of aerosols in the
stratosphere is on the order of a year, and the mean-life
of Be-7 is only 77 days, Be-7 in precipitation is primarily 
of tropospheric origin (Lai et al., 1958). The transport 
of Be-7 bearing stratospheric aerosols to the troposphere 
is accomplished by downmixing through the tropopause 
(Parker, 1962; Peirson, 1963). The stratospheric source 
becomes significant or may even predominate during the 
seasonal thinning of the tropopause when exchange between 
the stratosphere and troposphere is enhanced. Pb-210, on 
the other hand, is formed predominantly in the troposphere 
(Turekian, 1977).
Once in the troposphere, the distributions of Be-7 and 
Pb-210 are subject to local meteorological conditions. 
Be-7 and Pb-210 are both delivered to the marine
environment by atmospheric deposition. Once deposited, 
dissolved Be-7 and Pb-210 tend to associate rapidly with 
particulate matter, and thus may serve as natural 
radioactive analogues for particle-reactive elements in the 
marine environment (Benninger et al., 1975; Bacon et al., 
1976; Benninger, 1978; Li et al., 1981; Bloom and
Crecelius, 1983; Tanaka and Tsunogai, 1983). Knowledge of 
the fluxes of Be-7 and Pb-210 is important for the 
construction of geochemical mass-balance models which
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enable the removal rates of particle-reactive elements in 
aquatic systems to be quantified.
The rates at which Be-7 and Pb-210 are delivered to 
the earth's surface have been estimated indirectly through 
the use of sediment core inventories (Fisenne, 1968; Moore 
and Poet, 1976; Nozaki et al., 1978; McCaffrey and Thomson, 
1980; Monaghan et al., 1983) directly by precipitation 
measurements (Cruikshank, 1956; Rama Thor and Zutschi, 
1958; Lai et al., 1960; Walton and Freid, 1962; Schumann 
and Stoeppler, 1963; Benninger, 1978; Turekian et al., 
1977, 1983; Nevissi, 1982). Atmospheric fluxes based on
bulk precipitation integrate both wet and dry fallout 
(Whitehead and Feth, 1964). The relative importance of wet 
and bulk deposition to the total depositional flux is not 
well known. Based on direct measurements of wet-only and 
dry deposition, Talbot and Andren (1983) estimated that 
most of the atmospheric Pb-210 flux is carried by wet 
precipitation. At present, however, no such data are 
available for Be-7. The collection of dry deposition for 
flux estimations is a difficult procedure, mostly relating 
to the problems of representative sampling systems 
(Whelpdale, 1981). In order to gain a better understanding 
of the relative importance of wet and dry fallout on the 
atmospheric fluxes of Be-7 and Pb-210, only wet-only and 
bulk precipitation were sampled in this study. Inferences 
have been made concerning the dry depositional flux by
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subtracting the wet component from the bulk. This chapter 
will address the following questions:
1) What are the annual depositional fluxes of 
particle-reactive Be-7 and Pb-210 to lower 
Chesapeake Bay?
2) What is the relationship between Be-7 and Pb-210 in
precipitation?
3) What is the contribution of dry fallout to total
Be-7 and Pb-210 depositional fluxes?
4) What are some of the characteristics of the processes
for the removal of particle-reactive radionuclides 
(i.e. deposition velocity, washout ratio) from the 
atmosphere?
EXPERIMENTAL
Integrated monthly wet-only and bulk rain samples for
Be-7 and Pb-210 analysis were obtained from November 1982
through October 1983 with automatic wet-dry precipitation
samplers (Aerochem Metrics, Inc.; Miami, Florida) located
on the roof (15 meters above the ground) of the Technology
Building of Old Dominion University (ODU; 36°35’N,
76°18'W) in Norfolk, Virginia, and at ground level
adjacent to Back Bay (36°53’N, 75°59’W) in Virginia
Beach, Virginia (Figure 2.1). The wet-only and bulk
precipitation collectors were buckets made of high-density
polyethylene. The effective surface area for each
2collector was 638 cm . Buckets were cleaned by soaking 
them for at least one week in 2N hydrochloric acid (HC1). 
Prior to deployment in the field, 100 ml of 6N HC1 was 
added to the bucket in order to prevent adsorption of Be-7
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Figure 2.1. Location map for precipitation sampling stations,
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and Pb-210 onto the polyethylene surfaces. Following 
retrieval, samples were removed from the buckets, and then 
the walls of the buckets were rinsed with 2N HC1 and 
cleaned with an acid-washed plastic scrubbing pad. The 
material removed from the bucket surfaces by scrubbing was
transferred to the sample. The collector for wet samples
was exposed to the atmosphere only during precipitation 
events. The bulk sampler was exposed to the atmosphere 
continuously and collected both wet and dry fallout 
(Whitehead and Feth, 1964).
The amount of precipitation at each site was monitored 
by a rain gauge which consisted of a collector fitted with 
a 26-cm diameter conventional polyethylene (CPE) funnel. 
The collector in this case contained approximately 250 ml 
of mineral oil to minimize sample evaporation. Accurate
precipitation measurements were required to permit 
correction of the wet and bulk sample volumes for
evaporation. In addition, values for precipitation amount 
were compared with nearby stations at Norfolk International 
Airport, Oceana Naval Air Station, and Back Bay National 
Wildlife Refuge (U.S. Department of the Interior).
Samples were collected monthly, brought to the 
laboratory, and passed through Metricel GA-6, 0.45 urn
pore-size membrane filters. All filters were retained, and 
a few were analyzed for their Be-7 and Pb-210 contents. 
Because of the relatively short half-life of Be-7, all 
samples were processed immediately in order to minimize the
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loss of Be-7 as a result of radioactive decay. The
filtrate of each sample was evaporated to ca. 50 ml, spiked 
with 5 mg of Pb (as lead nitrate) which acts as a carrier, 
and brought to a pH of 1.5 to 2.0 with concentrated 
ammonium hydroxide. The samples were then transferred 
quantitatively to 125-ml capacity linear-polyethylene (LPE) 
bottles and shipped to Oak Ridge National Laboratory
(ORNL). Upon arrival at ORNL, samples were transferred to
3100 cm aluminum cans which were then hermetically 
sealed. The Be-7 and Pb-210 were analyzed by gamma
spectrometry using low-background, high-resolution lithium 
drifted germanium (Ge(Li)) detectors. The counting system 
employed in this study has been described in detail
elsewhere (Larsen and Cutshall, 1981; Cutshall et al., 
1983).
Be-7 was determined from the area of the photopeak at
478 keV with counting times ranging from 1000-3000 minutes. 
Likewise, Pb-210 was analyzed by measuring its
characteristic gamma-rays having an energy of 46.5 keV. 
After both nuclides had been measured, samples were 
transferred back to 125-ml LPE bottles and returned to 0 D U . 
At 0DU, samples were analyzed for Pb-210 by alpha
spectrometry by measuring the alpha particles emitted by 
the granddaughter of Pb-210, Po-210, with energies of 5.30 
MeV, according to the procedure of Flynn (1968). Briefly, 
this entailed stripping off any Po-210 initially present in 
the sample by spontaneous deposition onto silver disks.
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The sample was stored for a known period of time of about
one to two months to allow Po-210 to again grow in by the
decay of Pb-210. Then, the Po-210 was again stripped from
the sample by replating onto a silver disk in the presence
of a calibrated Po-209 (half-life = 102 years; E^ = 4.88
MeV) standard which served as a yield monitor for the
plating step. The disks were counted subsequently by alpha
spectrometry. The alpha-counting system currently employs
2four solid-state, 300 mm area silicon surface-barrier 
detectors (Ortec; Model 576) coupled to a 4096-channel 
multichannel analyzer (Tracor Northern, Inc.; Model 1710). 
Any loss of Pb-210 during sample transfer was corrected by 
determining the recovery of the Pb carrier using flame 
atomic-absorption spectrophotometry (Perkin-Elmer, Inc.; 
Model 4000). Pb-210 activity was calculated from the
ingrown Po-210 activity. All Be-7 and Pb-210 activities 
were decay-corrected back to the midpoint of the monthly 
sampling intervals. A comparison of Pb-210 measurements 
made by alpha and Ge(Li) spectrometry is presented in 
Appendices 2.1-2.2. For consistency, however, only the 
Ge(Li) results have been used for subsequent calculations.
Soil- and marsh-sediment cores were obtained from 
sites on the Eastern Shore of Maryland and at Back Bay, 
Virginia. Cores were sectioned into 1-cm thick intervals, 
dried at 80°C, and homogenized. Dry sediment from the 
Back Bay cores was shipped to ORNL, where it was 
transferred to aluminum cans. Be-7 and Pb-210 were
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determined by gamma spectrometry as detailed previously. 
About 2 to 5 grams of dried sediment from each section of 
the Eastern Shore cores was used for Pb-210 analysis. 
Again, Pb-210 was analyzed by measuring the activities of 
its granddaughter, Po-210, by alpha spectrometry. Po-210 
was assumed to be in secular equilibrium with Pb-210, and 
it should be in sediments that are older than ca. 1.5 
years. Each sample was leached for 8 hours in 150 ml of a 
12N HC1 - 16N nitric acid mixture in the presence of a 
known amount of Po-209 which served as the yield monitor. 
The leachates were brought to pH 2 with concentrated 
ammonium hydroxide and Po-210 was plated onto silver disks 
in the presence of hydroxylamine hydrochloride, sodium 
citrate, ascorbic acid, and Bi holdback carrier (Flynn, 
1968; Bacon et al., 1976). The activities of Po-209 and 
Po-210 on the disks were measured according to the method 
described earlier.
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RESULTS AND DISCUSSION 
Precipitation Patterns
Total precipitation at ODU and Back Bay averaged ca.
130 cm (Figures 2.2-2.3). The precipitation record from
November 1982 through October 1983 failed to show any 
strong seasonality. During some months, variability in
rainfall between sampling sites was substantial. The 
months of July and August had the least precipitation
during the entire sampling period at both sampling sites. 
Concentration Patterns
The concentrations of Be-7 and Pb-210 in monthly
wet-only and bulk precipitation samples at ODU and Back Bay
are presented in Figures 2.4-2.7. The concentrations of 
Be-7 in wet-only and bulk precipitation samples at both
sites ranged between 14.5 to 100.0 and 13.0 to 86.1 pCi/L, 
respectively. Pb-210 concentrations ranged between 1.2 to
9.3 and 1.3 to 9.4 pCi/L in wet-only and bulk samples,
respectively. Maximum concentrations for both
radionuclides were observed in July and August, which were 
the months recording the least rainfall at both sites. In 
several samples from May 1983 through October 1983, higher 
concentrations of Be-7 and Pb-210 were observed in wet-only 
rather than in bulk precipitation. In most instances this 
difference is within analytical uncertainies. In some 
samples (i.e. May, June, August, and September 1983 samples 
from ODU; August, September, and October 1983 samples from 
Back Bay), however, the discrepancy is somewhat larger.
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Figure 2.2. Total precipitation at ODU (Nov.'82 through 0ct.'83)
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Figure 2.4. Be-7 concentrations in monthly integrated 
precipitation samples at ODU
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Figure 2.5. Be-7 concentrations in monthly integrated 
precipitation samples at Back Bay.




















Figure 2.6. Pb-210 concentrations in monthly integrated
precipitation samples at ODU.
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Figure 2.7. Pb-210 concentrations in monthly integrated
precipitation samples at Back Bay.
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There are a number of scenarios which may explain this. 
First, since the bulk samplers are continuously exposed to 
the atmosphere, atmospheric turbulence may have removed 
some of the particles from the precipitation samplers. 
Secondly, these differences may simply reflect variations 
in collection efficiency. This problem can be serious even 
for samplers that are situated adjacent to each other if 
the precipitation took on near-horizontal trajectories. 
Third, since samples were filtered prior to the analysis, 
any dissolved Be-7 and Pb-210 which may have adsorbed onto 
particles after deposition may have been removed from the 
sample prior to counting. It does not seem likely, 
however, that the discrepancies were due to a loss of Be-7 
and Pb-210 by adsorption onto particulates and subsequent 
loss of these particles either during filtation or by 
atmospheric turbulence during the sampling period. 
Adsorption is not likely to occur at the pH (less than 1) 
at which the samples were kept. Also, some filters from 
December 1982 through March 1983 samples were counted and 
yielded undetectable, or nearly undetectable, Be-7 and 
Pb-210 activities. The discrepancy was most likely caused 
by normalization of wet-only and bulk sample volumes based 
on the collection efficiency of the rain gauge employed.
In order to correct for the effects of variations in 
monthly precipitation, the annual volume-weighted average 
concentrations, C (pCi/L), for Be-7 and Pb-210 have been
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calculated from the following equation and are shown in
Table 2.1: 2 (C * V) .R i
C = l
I V
where during monthly sampling interval, i, is the
radionuclide concentration (pCi/L) and V is the volume of 
rainwater collected. The annual volume-weighted
concentrations of Be-7 and Pb-210 in wet-only samples at 
ODU are greater than ca. 90 percent of the total
concentration, implying that dryfall is a minor contributor 
to the total Be-7 and Pb-210 concentration. This is in 
agreement with direct measurements of dry deposition by 
Talbot and Andren (1983). Based on analytical 
uncertainties, however, annual volume-weighted average 
concentrations for Be-7 and Pb-210 at Back Bay were 
identical.
Be-7 and Pb-210 concentrations (pCi/L) are plotted 
against one another in Figures 2.8 (ODU) and 2.9 (Back 
Bay). Correlation coefficients for ODU and Back Bay 
precipitation are 0.92 (n=12) and 0.86 (n=ll) for wet-only 
and 0.81 (n=12) and 0.79 (n=ll) for bulk samples,
respectively. The high degree of correlation exhibited by
Be-7 and Pb-210 is intriguing, if one considers that since 
the source terms for Be-7 and Pb-210 are not the same, 
intuitively Be-7 and Pb-210 should not correlate well. One 
possible explanation for their covariance may relate to the 
similar time-dependence of their inputs.

















Table 2,1, Comparison of Results from ODU and Back Bay Stations


















Be-7 B 40.9 + 0.8 5.38 + 0.10 1.14 + 0.Q2 1.6 + 0.1 531 36.8 + 0.7 4.69 + 0.09 0.99 + 0.02 1.4 + 0.1 441
W 35.2 + 0.8 4.63 + 0.11 0.98 + 0.02 1.3+ 0.1 420 36.4 + 0.7 4.63 + 0.09 0.98 + 0.02 1.2+0.1 362
Pb-210 B 3.0 + 0.1 0.39 + 0.02 12.5 + 0.6 0.8 + 0.2 232 3.2 + 0.2 0.40 + 0.02 12.8 + 0.6 0.8 + 0.2 247
W 2.7 + 0.1 0.35 + 0.02 11.2 + 0.6 0.7+ 0.2 208 3.0 + 0.2 0.37 + 0.02 11.8 + 0.6 0.8+ 0.2 232
All. counting errors are one signs
All. calculations based on G:;(li) spectrometry data
C « mean volirae-veighted concentration
F - annual deposition flux
Q = theoretical steady-state standing crop
V . a mean deposition velocity (Note: for Be-7, estimated from air concentration data measured concurrently at New York City by 
Ehvironmental Measuranents Laboratory; U.S. Department of Ehergy; for Pb-210, estimated using 1974-1976 average for 
Pb-210 in air at New York City)
























Figure 2.8. Be-7 versus Pb-210 concentrations at ODU
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Figure 2.9. Be-7 versus Pb-210 concentrations at Back Bay.
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Average Be-7/Pb-210 activity ratios for the integrated 
monthly rain samples at ODU and Back Bay were 13.9 £  0.9 
and 12.6 4̂  1.2 in wet-only and 13.1 + 0.8 and 12.4 £  1.0 in 
bulk precipitation, respectively. A seasonal trend in the 
Be-7/Pb-210 activity ratios during the sampling period was 
not observed.
Flux Patterns
Monthly deposition fluxes of Be-7 and Pb-210 in
wet-only and bulk precipitation at both sites are shown in
Figures 2.10-2.13. Monthly fluxes of Be-7 (Appendices
2.3-2.4) ranged from 0.137 to 0.838 pCi/cm^ in wet-only
2precipitation samples and 0.199 to 0.891 pCi/cm in 
bulk samples. There is a marked seasonality in the 
deposition of Be-7, with the greatest deposition occurring 
in the Spring. Approximately 40 percent of the Be-7 
deposition in wet-only and bulk precipitation at both sites 
occurred between February and April. Spring maxima in 
surface air Be-7 concentrations have been well-documented 
(Gustafson et al., 1961; Parker, 1962; Peirson, 1963;
Schumann and Stoeppler, 1963; Luyanas et al., 1970; Thomas 
et al., 1970; Silker, 1972b). There is general acceptance 
that the maxima are related to the downmixing of
stratospheric air into the troposphere through a
"tropopause break" which develops in the Spring. The
annual deposition fluxes of Be-7 are presented in Table 2.1 
and averaged 4.63 + 0.07 to 5.04 _+ 0.07 pCi/cm /yr in
wet-only and bulk samples, respectively. Again, it is
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Figure 2.10. Monthly depositional flux of Be-7 at ODU.
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Figure 2.11. Monthly depositional flux of Be-7 at Back Bay.
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Figure 2.12. Monthly depositional flux of Pb-210 at ODU.












Figure 2,13. Monthly depositional flux of Pb-210 at Back Bay.
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observed that wet deposition accounts for the majority 
(greater than ca. 90 percent) of the Be-7 flux, which is in 
agreement with data obtained for fallout radionuclides in 
the temperate zone of the Nortern Hemisphere (Gavini, 1978; 
Thein et al., 1980). Table 2.2 is a compilation of the 
fluxes of Be-7 measured at several worldwide locations. In 
general, Be-7 fluxes derived in this study are somewhat 
higher than those measured at other worldwide sites. 
Geographical variations may be related to the latitudinal 
variation in the Be-7 depositional flux (Young and Silker, 
1980). The Be-7 flux in bulk precipitation measured at Oak 
Ridge National Laboratory concurrently with that in this 
study was found to be 0.011 pCi/cm /d. Turekian et al. 
(1983) have reported two atypically high values of 0.028 
and 0.0211 pCi/cm /d at New Haven, Connecticut and 
Bermuda. Turekian et al. (1983) have argued that 
adsorption onto collector surfaces might account for the 
lower fluxes reported by other investigators. As 
previously mentioned, collectors in this study were 
acidified with 6N HC1 to prevent adsorption, and in a few 
instances collectors were counted after the sample had been 
removed. Results indicated an undetectable loss to the 
collector surfaces. There are other possible reasons for 
explaining this discrepancy. Turekian et al. (1983) might 
have sampled an atypical year and precipition derived from 
"high-tapping11 thunderstorms. It should be noted that 
Turekian et al. (1983) employed Nal(Tl) gamma spectrometry

















Table 2.2. Comparison of Be-7 depositional fluxes and theoretical steady-state inventories for several 
worldwide locations








Production 0.0077 0.59 Lai and Peters (1967)
Kodai-Kanal 10°N 0.0048 (Wet) 0.37 Rama Thor and Zutschi (1958)
Bombay, India 19°N 0.0094 (Wet) 0.72 Lai et al. (1960)
Bermuda 33°N 0.0211 (Bulk) 1.62 Turekian et al. (1983)
Oak Ridge, TN 36°N 0.0110 (Bulk) 0.85 Olsen (unpublished data)










New Haven, CT 41°N 0.0280 (Bulk) 2.16 Turekian et al. (1983)
Westwood, NJ 41°N 0.0053 (Wet) 0.41 Walton and Fried (1962)
Chicago, IL 42°N 0.0067 (Wet) 0.52 Arnold and AX-Salih (1955)
Quillayute, WA 49°N 0.0100 (Bulk) 0.77 Crecelius (1981)
Heidelberg, Germany 49°N 0.0092 (Wet) 0.71 Schumann and Stoeppler (1963)
Chilton, England 51°N 0.0068 (Bulk) 0.52 Peirson (1963)
Milford Haven, England 51°N 0.0064 (Bulk) 0.49 Peirson (1963)





for the determination of Be-7. Since the Nal(Tl) detector 
has a much poorer resolution in comparison to the Ge(Li) 
detector, Be-7 must be carefully purified from other 
radionuclides which may emit gamma-rays with similar
energies. One of the notorious interfering radionuclides 
is Ru-103 (half-life = 39.4 days; E y  = 497.0 k e V ; Intensity 
= 89 percent) and the separation of Be-7 from Ru-103 in the
sample matrix is a rather difficult analytical task. The 
presence of any Ru-103 will cause an overestimation of the 
Be-7 flux.
Monthly fluxes of Pb-210 (Appendices 2.3-2.4) ranged
2from 0.011 to 0.065 pCi/cm in wet-only precipitation
2samples and 0.012 to 0.075 pCi/cm in bulk
precipitation. A slightly weaker seasonal trend was
observed in Pb-210 deposition with a maximum in the Spring.
Approximatly 35 percent of the Pb-210 deposition in
wet-only and bulk precipitation occurred between February
and April. The annual deposition fluxes for Pb-210 are
presented in Table 2.1 and averaged 0.36 Hh 0.01 and 0.40 
20.01 pCi/cm / yr in wet-only and bulk samples,
respectively,
Be-7 deposition fluxes are plotted against 
precipitation amount in Appendices 2.5 (0DU) and 2.6 (Back
Bay). Correlation coefficients for Be-7 flux and 
precipitation at 0DU and Back Bay are 0.57 (n=12) and 0.74 
(n=ll) for wet-only and 0.59 (n=12) and 0.72 (n=ll) for
bulk samples, respectively. Turekian et al. (1983)
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reported values of 0.74 and 0.66 for New Haven, Connecticut 
and Bermuda, respectively, during a 1977-1978 sampling 
interval. The contribution of dry deposition of Be-7 to
the total Be-7 flux can be crudely estimated by the
y-intercept (i.e. monthly Be-7 flux) at zero precipitation. 
The y-intercepts from plots of bulk Be-7 flux vs. monthly
precipitation at ODU and Back Bay were 0.186 and
0.078 pCi/cm , respectively. By relating this to the
average monthly bulk Be-7 deposition at ODU
(0.45 pCi/cm^) and Back Bay (0.39 pCi/cm^), one 
finds that dry deposition accounts for 41 and 20 percent, 
respectively. In comparison, based on wet-only and bulk 
annual fluxes, it is estimated that greater than ca. 90
percent of Be-7 is carried by wetfall.
The deposition flux of Pb-210 is plotted against 
precipitation amount in Appendices 2.7 (ODU) and 2.8 (Back 
Bay). Correlation coefficients for Pb-210 flux and 
precipitation at ODU and Back Bay are 0.37 (n=12) and 0.69 
(n=ll) for wet-only and 0.49 (n=12) and 0.72 (n=ll) for
bulk samples, respectively. The relatively low degree of
correlation between Pb-210 deposition flux and 
precipitation is consistent with that observed in previous 
studies (Benninger, 1976; Nevissi, 1982; Turekian et al.,
1983) and may be related to the variability of the input of 
its parent, Rn-222, to the atmosphere. Several factors may 
govern the rate at which Rn-222 degasses from crustal 
material, including atmospheric pressure variations,
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temperature inversions, diurnal or seasonal variations in 
meteorological conditions, soil moisture, vegetative cover, 
and ground coverage by snow and ice (Pearson and Jones, 
1965; Wilkening, 1974; Clements and Wilkening, 1974; Moore 
et al., 1974; Wilkening et al., 1975; Schery and Gaeddert,
1982). Clements and Wilkening (1974) reported that
atmospheric pressure changes of only one to two percent due 
to the passage of frontal systems resulted in variations of 
20 to 60 percent for the Rn-222 emanated from soils. 
Pearson and Jones (1965) observed a decreased Rn-222 
emanation rate in soils which were frozen or cold. 
Turekian et al. (1977) have studied the correlation between 
Pb-210 depositional flux and precipitation and have tried 
to estimate the dry deposition of Pb-210 by this 
relationship. By taking the y-intercepts from plots of 
bulk Pb-210 deposition vs. monthly precipitation at ODU 
(0.018 pCi/cm^) and Back Bay (0.007 pCi/cm^), and 
comparing these with the average monthly bulk Pb-210 fluxes 
(both ODU and Back Bay = 0.033 pCi/cm^), the calculated 
dry deposition fluxes of Pb-210 are 55 (ODU) and 21 (Back 
Bay) percent. In comparison, it is observed that, like 
Be-7, greater than ca. 90 percent of the Pb-210 flux is 
carried by wetfall. Because of the lack of high
correlation between Be-7 and Pb-210 flux vs. precipitation, 
the estimation of dry fallout by the y-intercept at zero 
precipitation is subject to substantial error. Whereas 
direct measurement of bulk and wet-only precipitation
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reveals that dry fallout contributes only ca. 10 percent to 
the total Be-7 and Pb-210 flux, y-intercepts of flux vs. 
precipitation plots indicate dry fallout contributes 
between 40 to 50 percent. There is a better correlation 
between Be-7 and Pb-210 vs. precipitation at the Back Bay 
site than at ODU. This may be purely coincidental as it
may simply reflect temporal variability in the Be-7 and 
Pb-210 flux. Because of this variability, therefore, when 
Be-7 and Pb-210 are to be employed as tracers of 
geochemical processes in natural aquatic systems, 
atmospheric flux data need to be obtained concurrently if 
the process studied is short relative to variations in Be-7 
and Pb-210 source terms. Since the half-life of Be-7 is 
short, Be-7 has the potential for being more problematic as 
a geochemical tracer than Pb-210.
2By knowing the flux, F (pCi/cm /yr), of Be-7 and
Pb-210 depositing on the earth’s surface, one can calculate
2a theoretical standing crop, Q (pCi/cm ), from:
F = t Q (McCaffrey and Thomson, 1980)
where t is the mean-life of Be-7 (77 days) or Pb-210 (32 
years). The steady-state standing crops for Be-7 and 
Pb-210, based on annual averages of wet-only and bulk 
precipitation, are presented in Table 2.1. The theoretical 
steady-state standing crops for Be-7 and Pb-210 based on
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bulk precipitation at both sites are 1.07 and 12.7
pCi/cm , respectively. It is well-recognized that
marsh and soil sediments are effective natural repositories 
for certain trace elements and particle-reactive 
radionuclides (Benninger et al., 1975; Moore and Poet,
1976; Turekian et al., 1977; Nozaki et a l . , 1978; McCaffrey 
and Thomson, 1980; Monaghan et al., 1983), and hence may be 
useful as tools for the estimatation of atmospheric fluxes 
of Be-7 and Pb-210 if the entire fluxes were quantitatively 
retained. In order for accurate flux estimates to be made, 
the sampling site must be carefully selected; preferably 
one without large runoff or accumulation of precipitation 
(Moore and Poet, 1976). For the purpose of comparing 
Pb-210 fluxes based on direct measurement of precipitation, 
two marsh cores were obtained from sites on the Eastern 
Shore of Maryland for determination of their steady-state 
Pb-210 inventories. The data for the cores are presented 
in Appendices 2.9 (Core A) and 2.11 (Core B). Depth 
profiles of Pb-210 are shown in Appendices 2.10 (Core A)
and 2.12 (Core B ) . The Pb-210 standing crop for Core A was
o 29.14 pCi/cm and for Core B was 9.48 pCi/cm ,
corresponding to Pb-210 deposition fluxes of 0.284 and 
20.293 pCi/cm /yr, respectively. The standing crops are
2slightly lower than the average of 12.7 pCi/cm based 
on bulk precipitation at ODU and Back Bay. It is possible 
that a portion of the surficial sediment of both cores may 
have been lost prior to Pb-210 analysis. This would cause
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an underestimation of the Pb-210 depositional flux. A 
comparison of these results with other estimates of Pb-210 
deposition for the Eastern United States based on soil- and 
marsh-sediment cores and precipitation is presented in 
Table 2.3.
In order to compare the Be-7 fluxes measured in 
precipitation during this study, a marsh- and soil-sediment 
core were obtained from Back Bay. Of the two cores 
sampled, nearly undetectable concentrations of Be-7 were 
found. Since the mean-life of Be-7 is only 77 days, the 
Be-7 inventory retained in these natural repositories is 
generally found in the above-ground plant material 
(Monaghan et al., 1983; Olsen, personal communication). 
Therefore, the entire Be-7 inventory is subject to 
substantial loss due to plant decay, eolian transport, and 
wildlife grazing. These problems, however, do not limit 
the use of Pb-210, with a mean-life of 32 years, as a 
natural repository for the comparison of directly measured 
precipitation fluxes of Pb-210.
Uses of Flux and Concentration Data
Concentrations of Be-7 and Pb-210 in surface air have 
been monitored monthly at several worldwide locations by 
the U.S. Department of Energy. Surface air Be-7 and Pb-210 
concentrations measured concurrently in New York City 
(courtesy of H. Feely, Environmental Measurements 
Laboratory (EM L ) , Department of Energy, New York) have been 
utilized in this work for the purpose of estimating the
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Table 2.3. Pb-210 deposition fluxes and steady-state inventories fran precipitation 









New Haven, CT 0.45 (Bulk) 14.4 Benninger, 1978
New Haven, CT 0.54 (Bulk) 17.3 Turekian et al. (1983)






Talbot and Andren (1983)











Maryland 0.54 17.3 Fisenne (1968)
East Haven, CT 0.36 11.5 Benninger et al. (1975)
Code Forest, PA 0.45 14.4 Lewis (1977)
Limestone Run, PA 0.36 11.5 Benninger et al. (1975)
Steam Mill, PA 0.41 13.0 Benninger et al. (1975)
Eastern Shore, MD
Branford, CT
























Aimentano and Woodwell (1975)
Goldberg et al. (1979) 
Goldberg et al. (1979)
Church et al. (1981)
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
6 6
characteristics for removal of particle-reactive 
radionuclides from the atmosphere. Unfortunately, Pb-210 
concentrations in air were not measured concurrently and 
therefore only average concentrations measured at EML from 
1974-1976 were used.
The relative distribution of Be-7 and Pb-210 between 
air and precipitation may be examined by computing the 
washout ratio, W:
where, R is the radionuclide concentration in rain (pCi/kg) 
and A is its concentration in air (fCi/kg). Since this 
computation is more meaningful on a mass basis, it has been 
assumed that the density of air is 1.2 kg/m (Slinn et
al., 1978). The washout ratio may be thought of in much
the same way as the distribution coefficient, K^,
typically used by geochemists to assess the partitioning of 
an element between the dissolved and particulate phases. 
The washout ratio represents a type of equilibrium constant 
and provides only a snapshot of a dynamic group of
processes (i.e., precipitation formation, precipitation
rate, nuclide solubility, and chemical reactivity) which 
may not necessarily be related and may therefore be
expected to show substantial temporal and spatial
variability. Be-7 washout ratios have been calculated for
the period November 1982 through July 1983, and are
presented in Appendices 2.3 (ODU) and 2.4 (Back Bay). For
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wet-only samples, W for Be-7 ranged from 226 to 608 and in 
bulk precipitation, W ranged from 235 to 825. The mean 
Be-7 washout ratio, W, including both sites was ca. 390 for 
wet-only and ca. 490 for bulk samples, respectively. Using 
the average concentrations of ca. 13.5 pCi/kg (24 samples) 
and 113 fCi/m (12 samples) in bulk precipitation and
surface air in Quillayute, Washington (Crecelius, 1981), 
respectively, one calculates a mean Be-7 washout ratio of 
143. By the same procedure, and using data obtained by 
Turekian et al. (1983) for New Haven, Connecticut (air =
3
120 fCi/m ; rain = 73 pCi/kg) one calculates a mean 
washout ratio of 730. In the present study, the mean
washout ratio for Pb-210 in bulk precipitation was
calculated to be ca. 240.
The atmospheric deposition flux of a radionuclide may 
be used in conjunction with its atmospheric concentration
to calculate the deposition velocity, V^, i.e.:
where, is the radionuclide deposition velocity
(cm/s), F is the atmospheric deposition flux 
2(pCi/cm / y r ) , and is its concentration in
3
surface air (fCi/m ). Since Be-7 and Pb-210 atoms are 
primarily attached to aerosols having submicron diameters 
(Martell and Moore, 1974; Young and Silker, 1980; Moore et 
al., 1980; Crecelius, 1981; Sanak et al., 1981; Talbot and 
Andren, 1983), their calculated deposition velocities may
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be applied to other elements whose attachment 
characteristics are similar. Therefore, by measuring only 
the atmospheric concentration of an element, and inferring 
a deposition velocity, one can quantify its flux to the
marine environment (Young and Silker, 1980; Crecelius,
1981). Monthly deposition velocities for Be-7 have been 
calculated from November 1982 through July 1983 and are 
presented in Appendices 2.3 (ODU) and 2.A (Back Bay). For
wet-only samples, ranged from 0.5 to 2.8 cm/s and in
bulk deposition ranged from 0.5 to 2.9 cm/s. This
range is consistent with that found by Silker (1974) for
the North Atlantic Ocean. Seasonal perturbations in the
deposition velocity estimates can be dampened by 
calculation of the mean deposition velocity, (Table 
2.1). The mean deposition velocity calculated for bulk 
precipitation at both sites was 1.5 cm/s, while that for 
wet-only samples was 1.3 cm/s. These averages do not
differ greatly from the 1.0 cm/s value reported for 
Quillayute, Washington (Crecelius, 1981) and the Washington 
coast (Young and Silker, 1980), but are a factor of two
lower than the 2.8 cm/s value reported for New Haven,
Connecticut (Turekian et al., 1983). It should be noted 
that Buat-Menard and Chesselet (1979) have utilized a Be-7 
deposition velocity of 1 cm/s as a "best-estimate" for the 
atmospheric deposition of particulate trace elements to the 
North Atlantic Ocean. The mean deposition velocity of
Pb-210 has been roughly estimated by assuming a Pb-210
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— 3 3concentration in air of (15.5 + 3.5) X 10 pCi/m , 
the average measured in New York City from 1974-1976, and 
comparing it to the annual fluxes of Pb-210 measured in
this study. Pb-210 deposition velocities calculated by 
this method are ca. 0.8 cm/s (Table 2.1).
It is realized that the use of Be-7 and Pb-210 air 
concentration data obtained concurrently at New York City
(approximately 275 miles NE of the sampling sites) for
calculations of and W may not be entirely
appropriate, however it does allow for rough approximations 
to be made.
CONCLUSION
The data for Be-7 an 
fluxes in wet-only and 
Chesapeake Bay may be summari
d Pb-210 atmospheric deposition 
bulk precipitation to lower 
zed as follows:
21) The annual fluxes of Be-7 averaged 4.63 pCi/cm /yr
2in wet-only and 5.04 pCi/cm /yr in bulk
precipitation, respectively, while those for Pb-210
averaged 0.36 (wet-only) and 0.40 (bulk)
2pCi/cm /yr.
2) Based on differences in wet-only and bulk
precipitation, dry deposition accounts for a maximum of 
ca. 10 percent of the total Be-7 and Pb-210 
depositional flux.
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3) Due to the short half-life of Be-7, short-term 
variations in the Be-7 depositional flux may reflect 
its dependence upon local meteorological conditions, 
and therefore atmospheric flux data should be obtained 
concurrently when employing Be-7 as a geochemical 
tracer in natural aquatic systems.
4) While soil- and marsh-sediment cores are effective 
natural repositories for atmospherically-deposited Be-7 
and Pb-210, because of its. short half-life, serious 
problems may arise in their application to Be-7 for 
estimation of the Be-7 depositional flux to the marine 
environment.
5) Calculated washout ratios for Be-7 and Pb-210 in
bulk precipitation averaged ca. 490 and ca. 240,
respectively. Depositional velocities for Be-7 and
Pb-210 averaged 1.4 and 0.8 cm/s, respectively, in good 
agreement with estimates from previous studies.

















Appendix 2.1. Pb-210 and Be-7 concentrations in monthly integrated precipitation samples at ODU.
Year Date Sample Precipitation Volume Be-7 Pb-210 (g) Pb-210 (a) Be-7
(cm) (L) (pCi/L) (pCi/L) (pCl/L) Pb-210
1982 Nov 1-30 B 7.68 4.90 37.9 + 1.6 4.7 + 0.3 5.68 +. 0.25 8.1 + 0.6
W 7.68 4.90 25.1 + 2.6 2.6 + 0.4 2.38 + 0.09 9.7 + 1.8
1982 Dec 1-31 B 12.50 7.98 41.7 + 1.3 5.7 + 0.8 2.61 + 0.12 7.3 + 1.1
W 12.50 7.98 26.9 + 1.2 1.4 + 0.3 1.71 + 0.06 19.2 + 4.2
1983 Jan 1-31 B 4.39 2.80 59.1 + 5.6 5.2 + 0.7 _____ __ 11.4 + 1.9
W 4.39 2.80 39.6 + 4.7 3.9 + 1.1 3.54 + 0.18 10.2 + 3.1
1983 Feb 1-28 B 15.99 10.20 44.2 + 1.2 2.9 + 0.5 3.19 + 0.13 15.2 + 2.7
W 15.99 10.20 34.5 + 2.4 1.8 + 0.2 2.93 + 0.12 19.2 + 2.5
1983 Mar 1-31 B 13.67 8.72 60.2 + 3.4 3.1 + 0.5 ________ 19.4 + 3.3
W 13.67 8.72 45.9 + 3.9 2.3 + 0.5 2.86 + 0.13 20.0 + 4.7
1983 Apr 1-30 B 16.05 10.24 47.5 + 2.9 4.2 + 0.4 _______ 11.3 + 1.3
W 16.05 10.24 40.0 + 1.8 3.7 + 0.5 3.43 + 0.15 10.8 + 1.5
1983 May 1-31 B 8.21 5.24 40.2 + 2.9 2.5 + 0.4 _______ 16.1 + 2.8
W 8.21 5.24 46.5 + 2.8 2.8 + 0.7 2.65 + 0.10 16.6 + 4.3
1983 Jun 1-30 B 12.79 8.16 39.6 + 2.0 2.1 + 0.5 18.9 + 4.6
W 12.79 8.16 39.8 + 2.0 4.0 + 0.5 3.82 + 0.17 10.0 + 1.3
1983 Jul 1-31 B 2.71 1.73 81.0 + 9.8 7.1 + 1.4 5.49 + C.27 11.4 + 2.6
W 2.71 1.73 73.0 + 8.3 5.0 + 1.2 ------- 14.6 + 3.9
1983 Aug 1-31 B 4.11 2.62 86.1 + 5.9 6.6 + 0.8 _______ 13.0 + 1.8
W 4.11 2.62 100.0 + 9.0 9.3 + 0.9 9.48 + 0.44 10.8 + 1.4
1983 Sept 1-30 B 15.29 9.76 13.0 + 0.9 1.6 + 0.3 _______ 8.1 + 1.6
W 15.29 9.76 17.5 + 1.2 1.8 + 0.3 2.29 + 0.10 9.7 + 1.8
1983 Oct 1-31 B 17.96 11.46 22.6 + 2.4 1.3 + 0.4 17.4 + 5.7
W 17.96 11.46 18.7 + 2.6 1.2 + 0.3 15.6 + 4.5


















Appendix 2,2. Pb-210 and Be-7 concentrations in monthly integrated precipitation samples at Back Bay,


















29.2 + 2.2 
14.5 + 1.7
1.74 + 0.50 
1.21 + 0.52
1.96 + 0.10 
1.46 + 0.06
16.8 + 5.0 
12.0 + 5.3






29.2 + 1.5 
16.9 + 0.9
2.56 + 0.81 
2.24 + 0.37
2.00 + 0.10 
1.81 + 0.07
11.4 + 3.7 
7.5 + 1.3






33.5 + 3.3 
29.4 + 3.5
5.05 + 1.01 
3.74 + 0.76
4.52 + 0.20 
3.31 + 0.16
6.6 + 1.5 
7.9 + 1.9






38.2 + 1.2 
37.5 + 1.1
2.82 + 0.49 
2.78 + 0.44












3.04 + 0.38 
2.26 + 0.35 2.25 + 0.08
16.1 + 2.1 
20.4 + 3.4
1983 Apr 1-30 B
W
10.68 6.82 47.3 + 3.8 4.23 + 0.58 3.89 + 0.18 11.2 + 1.8
1983 May 1-31 B
W 9.75 6.22 40.6 + 2.4 2.17 + 1.09 2.49 + 0.12 18.7 + 9.5






30.9 + 1.4 
34.4 + 2.2
4.50 + 0.37 
3.88 + 0.43 4.28 + 0.18
6.9 + 0.6
8.9 + 1.1






82.5 + 4.8 
80.1 + 4.2
9.36 + 2.33 
5.89 + 1.58 5.90 + 0.34
8.8 + 2.3 
13.6 + 3.7








3.91 + 0.62 
6.08 + 0.92 6.27 + 0.27
13.1 + 2.3 
11.9 + 2.0






15.4 + 1.2 
22.1 + 1.3
2.15 + 0.20 
1.98 + 0.24 1.86 + 0.08
7.2 + 0.9 
11.2 + 1.5








1.60 + 0.49 
3.26 + 0.52
24.3 + 8.1 
12.5 + 2.2


















Appendix 2,3. Pb-210 and Be-7 deposition fluxes at ODU.
Year rate Sample Be-7 Precipitation U Qnulative Precipitation Qnulative
air _ Be-7 flrnu a Be-7 flux Pb-210„flux Pb-210 flux
(fa/m) W a n ) (an/s) (%) (pCi/cm ) (%)
1982 Nov 1-30 B 77 + 7.7 0.291 + 0.013 1.5 + 0.2 591 5.4 0.036 + 0.002 9.2
W 77 + 7.7 0.193 + 0.020 1.0 + 0.1 391 4.2 0.020 + 0.003 5.7
1982 Dec 1-31 B 83 + 8.3 0.521 + 0.016 2.3 + 0.2 603 15.1 0.033 + 0.002 17.7
W 83 + 8.3 0.337 + 0.015 1.5+ 0.2 309 11.5 0.017 + 0.003 10.5
1983 Jan 1-31 B 86 + 8.6 0.259 + 0.025 1.1 + 0.2 825 19.9 O.Q23 + O.OQ3 23.6
W 86 + 8.6 0.174 + 0.021 0.8 + 0,1 553 15.2 0.017 + 0.005 15.3
1983 Feb 1-28 B 151 + 15.1 0.706 + 0.020 1.9 + 0.2 351 33.1 0.047 + 0.008 35.6
U 151 + 15.1 0.552 + 0.038 1.5+ 0.2 274- 27.1 0.029 + 0.004 23.5
1983 Mar 1-31 B 113 + 11.3 0.823 + 0.046 2.7 + 0.3 639 48.4 0.043 + 0.007 46.7
U 113 + 11.3 0.628 + 0.054 2.1+0.3 487 40.7 0.032 + 0.006 32.6




0.763 + 0.047 
0.643 + 0.029










1983 May 1-31 B 135 + 13.5 0.330 + 0.024 0.9 + 0.1 357 68.7 0.021 + 0.004 69.2
U 135 + 13.5 0.382 + 0.023 1.1 + 0.1 413 62.8 0.027 + 0.005 57.0
1983 Jun 1-30 B 158 + 15.8 0.507 + 0.025 1.2+ 0.1 301 78.1 O.Q27 + 0.007 76.2
W 158+15.8 0.508 + 0.025 1.2+ 0.1 302 73.8 0.051 + 0.006 71.4
1963 Jul 1-31 B 158 + 15.8 0.220 + 0.027 0.5 + 0.1 615 82.2 0.019 + 0.004 81.0
W 158 + 15.8 0.198 + 0.023 0.5 + 0.1 554 78.1 0.014 + 0.003 75.4
1983 Aug 1-31 B 0.353 + 0.024 - 88.8 0.027 + 0.003 87.9
W 0.411+0.037 - 86.9 0.038 + 0.004 86.1
1983 Sept 1-30 B 0.199 + 0.014 _ 92.5 0.024 + 0.005 94.1
W 0.268 + 0.018 - 92.7 0.027 + 0.004 93.8
1983 Oct 1-31 B 0.406 + 0.044 — 100 0.023 + 0.006 100
W 0.337 + 0.046 - 100 0.022 + 0.005 100
Note: Be-7 concentrations In surface air courtesy of H. Feely (Environmental Measurements laboratory. Department of foergy, New York, NY) 


















Appendix 2.4. Pb-210 and Be-7 deposition fluxes at Back Bay •
















1982 Nov 1-30 B
U
77 + 7.7 
77 + 7.7
0.274 + 0.021 
0.137 + 0.016










1982 toe 1-31 B
W
83 + 8.3 
83 + 8.3
0.276 + 0.014 
0.159 + 0.009










1983 Jan 1-31 B
U
86 + 8.6 
86 + 8.6
0.205 + 0.020 
0.180 + 0.021










1983 Feb 1-28 ' B
W
151 + 15.1 
151 + 15.1
0.566 + 0.018 
0.555 + 0.017










1983 tor 1-31 B
W
113 + 11.3 
113+11.3
0.891 + 0.032 
0.838 + 0.047










1983 Apr 1-30 B
W
115 + 11.5 
115+11.5
0.505 + 0.040 1.7+0.2 494 58.0
51.3(a)
0.045 + 0.006 52.9
48.4(a)
1983 toy 1-31 B
W





54.00.395 + 0.024 1.1+ 0.1 . 361 0.021 + 0.011
1983 Jun 1-30 B
U
158 + 15.8 
158+15.8
0.518 + 0.023 
0.576 + 0.037










1983 Jul 1-31 B
U
158 + 15.8 
158+15.8
0.233 + 0.014 
0.226 + 0.012










1983 Aug 1-31 B
W








1983 Sept 1-30 B
U








1983 Oct 1-31 B
W




0.012 + 0.004 
0.025 + 0.004
100— 100
Note: Be-7 concentrations in surface air courtesy of H. Feely (Environmental Measurements laboratory, Department of Ehergy, New York, NY) 
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0-2 10.53 + 0.41 8.36 + 0.41 0.195 0.195 1.63 + 0.08 9.14 + 0.20
2-4 10.20 + 0.39 8.05 + 0.40 0.262 0.457 2.11 + 0.10 7.51 + 0.18
4-6 7.13 + 0.27 4.94 + 0.28 0.285 0.742 1.41 + 0.08 5.41 + 0.15
6-8 7.28 + 0.26 5.11 + 0.27 0.279 1.021 1.42 + 0.08 4.00 + 0.13
8-10 7.43 + 0.31 5.24 + 0.31 0.267 1.288 1.40 + 0.08 2.57 + 0.10
10-12 5.26 + 0.19 3.07 + 0.20 0.269 1.557 0.82 + 0.05 1.17 + 0.07
12-14 3.43 + 0.14 1.23 + 0.15 0.198 1.755 0.24 + 0.03 0.35 + 0.04
14-16 2.78 + 0.12 0.58 + 0.14 0.179 1.934 0.10 + 0.03 0.10 + 0.03
16-18 2.17 + 0.09 0.143 2.077
18-20 2.22 + 0.12 0.155 2.232
20-22 2.22 + 0.12 0.135 2.367
Assume supported Pb-210 = 2.20 +_0.06 pCi/g 
Counting errors are one sigma
o
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28-30 0.85 + 0.04 0.42 + 0.04 0.693 4.237 0.29 + 0.03 0.49 + 0.05
30-32 0.62 + 0.03 0.18 + 0.03 1.086 5.323 0.20 + 0.04 0.20 + 0.04
32-34 0.42 + 0.02 1.167 6.490
34-36 0.46 + 0.02 1.320 7.810
36-38 0.42 + 0.02 1.581 9.391
Assume supported Pb-210 = 0.43 +_ 0.01 pCi/g 
Counting errors are one sigma
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■ Total P b -210  
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Assume supported Pb-210  




Appendix 2.12. Depth profiles of total and excess Pb-210
in Eastern Shore marsh core B.
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CHAPTER 3
THE GEOCHEMICAL BEHAVIOR OF PARTICLE-REACTIVE 
RADIONUCLIDES P0-210, PB-210, AND BE-7 IN A COASTAL BAY:
A NATURAL SPIKING EXPERIMENT
ABSTRACT
The removal behaviors of the naturally-occurring and 
particle-reactive radionuclides Pb-210 and Be-7 have been 
examined in real-time following their deposition to a 
shallow coastal bay by individual precipitation events.
Four major precipitation events were studied. In general, 
there was a marked elevation in the water column 
concentrations of dissolved Pb-210 and Be-7 immediately 
following a precipitation event. An increase was also 
observed in the concentrations of dissolved Po-210. The 
concentrations of all three radionuclides decreased with 
time. Application of first-order kinetics to removal 
curves of these radionuclides yielded removal residence 
times on the order of several days. Most rapid removal
behavior was observed in the Spring, with removal residence 
times of one day reported for dissolved Po-210 and Pb-210.
Since the atmospheric flux of Po-210 is small, the elevated
concentrations of Po-210 following a precipitation event 
may result from the mobilization of Po-210, in the
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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dissolved form, from sediments. Excess concentrations of 
dissolved Po-210, relative to Pb-210, were observed 
following a sampling sequence in May, 1983, suggesting that 
the sources of dissolved Po-210 and Pb-210 may be 
decoupled.
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INTRODUCTION
An increasing number of substances which may cause 
potentially adverse ecological effects are currently being 
introduced to the aquatic environment through accidental 
spills, runoffs from agricultural and urban areas, waste 
disposal, and atmospheric deposition. These inputs are 
most extensive in coastal waters, such as Chesapeake Bay 
and Long Island Sound, which are in the midst of major 
population and industrial centers. Unfortunately, the 
biogeochemical behavior of most of these substances is, at 
best, poorly understood. Many pollutants which are 
introduced in the dissolved form in an estuary, may be 
rapidly transformed to the particulate phase and are 
therefore classified as particle-reactive. The more 
notorious ones include organic constituents, such as 
kepone, DDT, PCB, and petroleum hydrocarbons, and inorganic 
substances such as trace metals (e.g. copper, lead, zinc, 
and mercury) and artificial radionuclides (e.g. Co-60,
Cs-137, and Pu-239,240).
Since it is often impractical to analyze individually 
the behavior of each particle-reactive substance, the rates 
of removal of these materials have been estimated through 
the use of the naturally-occurring particle-reactive 
radionuclides Th-228, Th-234, Pb-210, and Po-210 as
analogues (Broecker et al., 1973; Bacon et al., 1976; 
Lewis, 1977; Turekian, 1977; Benninger, 1978; Li et al., 
1979, 1980, 1981; Santschi et a l ., 1979; Kaufman et al.,
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1981; Santschi and Li, 1982). By employing steady-state 
mass-balance models, and measurements of the depletions of 
these radionuclides relative to secular equilibrium 
production by their parents, one may estimate their removal 
residence times in the aquatic environment. The removal 
residence times of particle-reactive radionuclides in the 
surface ocean have previously been calculated to be on the 
order of several months to a few years (Broecker et al.,
1973; Nozaki et al., 1976; Bacon et al., 1976; Chung and
Craig, 1983; Cochran et al., 1983). In continental shelf 
and estuarine waters, however, removal residence times on 
the order of days to weeks are typically found (Minagawa 
and Tsunogai, 1980; Li et al., 1979, 1981; Santschi et a l ., 
1979; Feely et al., 1980). These relatively short removal 
times in comparison to the time-scale involved in the 
temporal variability of environmental parameters, such as 
biological productivity and particulate matter
concentration and composition (Tanaka et al., 1983), may 
render the application of a steady-state model invalid. 
Furthermore, the models also assume that inputs and removal 
by mixing are negligible. In coastal waters, however,
these assumptions may not be true.
A number of investigations have taken an alternative 
approach and attempted to observe directly, and in 
real-time, the changes in the concentrations of added 
radioactive tracers in experimental systems (Hesslein et 
al., 1979, 1980; Adler et al., 1980; Santschi et al.,
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1980a,b, 1983a,b; Amdurer et al., 1983). These studies
have generally revealed an exponential decrease in the 
concentrations of the radionuclides over time. Therefore, 
by assuming first-order kinetics, one can calculate the 
removal residence time of these radionuclides. Adler et 
al. (1980) studied the behavior of five gamma-emitting 
radionuclides (Cr-51, Fe-59, Co-58, Cd-115m, and Hg-103)
which had been added directly to MERL (Marine Ecosystems 
Research Laboratory) and EPA (Environmental Protection 
Agency) microcosms designed to accurately depict the
environmental conditions in Narragansett Bay. They
observed that iron, mercury, and chromium were the most
rapidly removed with removal residence times of 4-10 days, 
whereas cobalt and cadmium were removed at a much slower 
rate. It was suggested that flocculation and adsorption 
were the most likely processes governing the removal of the 
radioactive tracers. In similar studies, Santschi et al. 
(1980a,b; 1983a) reported the behavior of a more extensive 
suite of radionuclides in both EPA and MERL tanks. They 
observed an exponential removal of Fe, Th, Po, Cr(III), Pb, 
and Hg from the dissolved form with removal residence times 
on the order of several days. Elements such as Cs and Ra 
were removed less rapidly with calculated removal times of 
several hundred days. Santschi et al. (1980a,b) noted that 
the size of the microcosm also played a role in the 
calculated residence times, with larger values being
reported for the smaller systems.
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Hesslein et al. (1979, 1980) added Se-75, Hg-203,
Cr-51, Cs-134, Fe-59, Zn-65, and Co-60 directly to a lake
and measured their concentrations with time. Again, it was 
observed that the dissolved radioactive tracers followed an 
exponential removal. Removal residence times ranged from 
18 days for Fe-59 to 77 days for Se-75. All of these 
studies have their limitations. The reliability for the 
extrapolation of the conclusions drawn from the microcosms 
to the natural environment is limited by the extent to 
which the microcosms may mimic the natural environment. 
Obviously, the natural aquatic systems are larger, more 
complex, are not bound by artificial surfaces, and have a 
different particle surface area to volume of water ratio. 
The studies in the lakes may be a step closer to reality. 
Still, in the studies involving lakes and the microcosms, 
it is assumed that the chemical speciations of the
radionuclide tracers are identical to those added by 
nature. This assumption is not necessarily true. 
Furthermore, in the study involving the lakes, it is 
difficult to insure that the tracer has been uniformly 
distributed in the entire lake within the timescale of the 
experiment. Obviously, the tracers will also contaminate 
the lakes.
In this chapter, I describe yet another approach for 
examining the behavior of particle-reactive elements in the 
aquatic environment by employing the naturally-occurring, 
atmospherically-derived, particle-reactive radionuclides
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Pb-210 and Be-7. The changes in the concentrations of 
these radionuclides have been followed in real-time 
subsequent to their introduction to a coastal bay by 
individual precipitation events. The behavior of Po-210 
was also studied. Although the atmospheric flux of Po-210 
is small, it is the daughter of Pb-210 and is known to be 
particle-reactive.
Conceptual Framework for the Natural Spiking Experiment
Pb-210 is delivered to the aquatic environment via 
precipitation (Tsunogai and Fukuda, 1974; Benninger, 1978; 
Nevissi, 1982; Settle et al., 1982; Talbot and Andren, 
1983; Turekian et al., 1983). In shallow aquatic systems, 
the atmospheric input of Pb-210, termed unsupported, 
dominates over its production by the in situ decay of its 
parent, Ra-226, in the water column, termed supported. 
Since the majority of Pb-210 enters the aquatic environment 
as submicron particles (Martell and Moore, 1974; Sanak et 
al., 1981; Talbot and Andren, 1983), it is considered to be 
in the dissolved form, since dissolved will be 
operationally defined as that material which passes a 
filter having a pore-size of 0.45 um. Because the 
tropospheric aerosol residence time is only on the order of 
one week (Martell and Moore, 1974), the amount of Po-210 
formed from the decay of Pb-210 is found to be small; 
frequently less than 10 percent. Therefore, Po-210 is 
formed mainly insitu.
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Be-7 is a cosmogenic radionuclide formed by the 
spallation of atmospheric nitrogen and oxygen by cosmic 
rays (Arnold and Al-Salih, 1955). The rate of production 
of Be-7 is a function of both altitude and latitude, with 
greatest production occurring in the stratosphere over high 
latitudes (Lai et al., 1958; Peirson, 1963; Thomas et al.,
1970; Young et al., 1970a). Similar to Po-210 and Pb-210,
Be-7 is particle-reactive and attaches to atmospheric 
aerosols soon after formation (Young and Silker, 1974; 
1980). The delivery of Be-7 to the troposphere occurs 
mainly as a result of the downwelling of stratospheric air 
in the Spring through a break in the tropopause. During
the remaining part of the year, however, most of the Be-7 
which is deposited to the earth’s surface originates in the 
troposphere. Be-7 is subsequently delivered to the natural 
aquatic environment by atmospheric deposition (Arnold and 
Al-Salih, 1955; Cruikshank et al., 1956; Rama Thor and 
Zutschi, 1958; Lai et a l ., 1960; Walton and Fried, 1962;
Peirson, 1963; Turekian et al., 1983).
Conceptually then, during a precipitation event, 
nature is spiking the aquatic environment with Pb-210 and 
Be-7. Thus, immediately following the event, if a large 
enough amount of Pb-210 and Be-7 has been added to the 
water column, the concentrations of dissolved Pb-210 and 
Be-7 may be elevated. As time progresses, the 
concentrations of these radionuclides should decrease,
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due to their 
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where C ’ is 
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rate constant 
zero as t a 
solved so that




( x ) is,
EXPERIMENTAL 
The Study Area
The study was carried out in Back Bay; a shallow, 
unstratified, brackish coastal bay located at 36°38’N, 
75°56'W in Southeastern Virginia (Figure 3.1). Maximum 
dimensions of Back Bay are 9.6 km in width and 11.7 km in 
length. Land surrounds the bay to the west, north, and 
east. The eastern shore consists of a relatively narrow
removal to the particulate phase. If the 
s obeys first-order kinetics,
the elevated concentration of the dissolved 
at time, t, and k is the first-order removal 
If the concentration is assumed to approach 
pproaches infinity, then the equation can be 
»
In C = -kt + In Co
the observed concentration of the dissolved 
at time, t, and C q is the concentration 
ollowing a precipitation event. The removal 
e of the dissolved radionuclide onto particles
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Figure 3.1. Location map of Back Bay.
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barrier beach and dune-ridge system which separates the bay
from the Atlantic Ocean. The western shore is primarly
used for agriculture. Water enters Back Bay principally
through precipitation. Other minor inputs include drainage
from the surrounding area, groundwater, exchange with
Currituck Sound to the south, and a seawater pumping
station which has operated sporadically since 1966. When
3in operation, it can pump up to 5700 m of seawater 
into Back Bay per hour. The exchange of water with
Currituck Sound is limited by shallow sills and narrow
channels, with water depths frequently less than 0.5 m. No 
river of any size drains into Back Bay. The average depth 
of Back Bay is ca. 1.5 ra. The residence time of water is 
ca. 2 months. Lunar tides have a negligible effect on the 
water levelj whereas meteorological tides tend to dominate 
depending on wind velocity and direction. Comegys (1977) 
found that plankton in Back Bay are those typical of fresh 
or brackish water environments. It was also reported that 
the highest phytoplankton density occurs in the Spring, 
with lowest values in the Fall.
Several characteristics made Back Bay an ideal 
location for the present study including, 1) atmospheric 
deposition vras the predominant source of Pb-210 and Be-7,
2) the effect of mixing with other water masses was 
negligible, 3) the basin depth was sufficiently shallow to 
allow for complete mixing of the water column immediately 
following the precipitation event, 4) the basin was
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sufficiently shallow to allow the atmospherically-derived 
Pb-210 and Be-7 to cause a detectable elevation in their 
concentrations in the water column during a precipitation 
event, and 5) the bay was sufficiently small to allow 
uniform coverage by a precipitation event.
Sampling and Analytical Program
Back Bay was sampled from September 1982 through May 
1983 after four major precipitation events; Event A 
(September 17-25), Event B (November 4-11), Event C 
(February 28 - March 6), and Event D (April 29 - May 10).
Dissolved Po-210 and Pb-210 concentrations were determined 
in the water column during all of the events, while Be-7 
was measured only during Events B and D.
All water samples were obtained 0.5 m below the 
surface. Samples for alpha-spectrophotometric
determinations of Po-210 and Pb-210 were prefiltered in the 
field through a 1 um pore-size polypropylene filter 
cartridge (Cuno Micro Wynd II; AMF Cuno Division; Meriden, 
CT). In the laboratory, samples were again filtered 
through 1 um Gelman A/E glass fiber filters. The 
analytical procedure for dissolved Po-210 and Pb-210 was 
essentially that described by Bacon (1975) and has been 
discussed in Chapter 4. Briefly, the filtrate was placed 
in a 20-liter capacity, low-density polyethylene container 
(collapsible Cubitainer) and acidified with 40 ml of 12N 
hydrochloric acid (HC1). The sample was then spiked with
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several pCi of Po-209 and 5 mg of stable Pb (as lead
nitrate), which acted as the yield monitors for Po-210 and
Pb-210, respectively. Po and Pb isotopes were removed from 
solution by coprecipitation with the APDC-Co complex (Boyle 
and Edmond, 1975). The precipitate was subsequently 
collected on a glass fiber filter, and the filter was
refluxed in a mixture of 2N nitric acid - 2N HC1 for 4-8
hours at 80°G. After the residue had been removed by 
filtration, Po was plated for 4 hours onto a silver disk 
from the filtrate according to the method of Flynn (1968). 
After the initial removal of Po-210, the solution was 
stored for ca. 9 months to allow for the regeneration of 
Po-210 by decay of its parent, Pb-210. This Po-210 was 
replated onto a silver disk in the presence of Po-209. The 
activities of Po-209 and Po-210 were measured by alpha 
spectrometry.
Samples for gamma-spectrophotometric determination of 
dissolved Be-7 and Pb-210 were obtained for Events B and D. 
In these events, particulate material was separated by 
gravity settling, filtration through a glass-wool filter, 
or filtration through a 1 um pore-size Micro Wynd II filter 
cartridge. This water was pumped into a 180-liter capacity 
high-density polypropylene container, pre-acidified with 
250 ml of 12N HC1. The sample was then spiked with 100 mg 
of both stable Pb (as lead nitrate) and stable Be (as 
beryllium sulfate), which served as yield monitors for 
Pb-210 and Be-7, respectively. Forty ml of a 40% w/v iron
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chloride solution was then added. After the sample had 
equilibrated with the carriers for ca. 12-24 hours, the pH 
of the solution was brought to ca. 10-11 with concentrated 
ammonium hydroxide. The iron hydroxide precipitate was 
allowed to settle overnight. The supernatent liquid was 
discarded. The precipitate was concentrated by
centrifugation, oven-dried at 80°C, and ground into a 
fine powder with an electric ball-mill/shaker. The 
precipitate was sealed in a Whirl-Pak bag, and shipped to 
Oak Ridge National Laboratory (ORNL) for subsequent 
analysis of Be-7 ( E  ^ = 478 keV) and Pb-210 ( E y  = 46.5 keV) 
by low-background, high-resolution, Ge(Li) spectrometry 
(Larsen and Cutshall, 1981; Cutshall et al., 1983). 
Recoveries of stable Pb and Be were determined by atomic 
absorption spectrophotometry using internal standard 
addition.
Thus, in this study, dissolved material is 
operationally defined as material that passes through 
filters with a pore-size of 1 um. Dissolved material is 
usually defined as material that passes through a filter 
with a pore-size of 0.45 um. Because of the high 
concentrations of suspended matter, and particularly of 
colloidal material in coastal waters, some workers have 
used the pore-size of 1 um as the cut-off point in order to 
expedite the separation of dissolved and particulate phases 
(Sholkovitz et al., 1982).
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Precipitation samples associated with the events were
obtained with high-density polyethylene buckets with an
2effective surface area of 638 cm . Rain samples were 
evaporated to ca, 100 ml, acidified to pH 1, and gamma
counted for Be-7 and Pb-210 at ORNL. The concentrations of 
Pb-210 in several precipitation samples were also measured 
at the Department of Oceanography, Old Dominion University 
by alpha spectrometry of Po-210. The concentrations have 
been tabulated in Appendix 3.1.
RESULTS AND DISCUSSION
Dissolved Pb-210, Po-210, and Be-7 in samples that
were passed through 1 um pore-size filters are shown in 
Figures 3.2-3.5 and Figures 3.8-3.9 (and listed in 
Appendices 3.2 and 3.5-3.8). In general, there is a marked 
increase in the concentrations of all these radionuclides 
in the receiving waters immediately following a 
precipitation event. For example, concentrations of
Pb-210, Po-210, and Be-7 before Event D were 2.66, 3.20,
and 43 pCi/100 kg, respectively. Immediately after the
event, the concentrations were increased to 5.31, 6.35, and 
85 pCi/100 kg, respectively. Then, the concentrations of
the radionuclides decreased with time. A summary of 
removal residence times calculated for Events A-D is 
presented in Table 3.1.
In Event A (Figure 3.2), a sample was obtained on
September 17, following a dry period of ca. three weeks.
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Po-210 (a) Fb-210 (b) T Be-7 (a) Be-7 (b) T]fe
(days) (days)
3.71 + 0.15 4.12 + 0.16 --- ---------  ------- ---
--------- 3.18 + 0.29 19 --------- ------- ---          8
----------------------------------          5
2.24 + 0.11 7.64 + 0.38 1
3.20 + 0.17 6.35 + 0.27 18
All activities are in units of pCi/100 kg Counting errors are one signa
(a) ambient concentration
(b) concentration after event 
GF = Gelmnn A/E filtration
(W = glass-rool cartridge filtration 
Ml = AMF Cuno Micro Wynd cartridge filtration 
S = particles renoved from suspension by settling for ea. 24 hours
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Figure 3.2. Dissolved Po-210 and Pb-210, Chlorinity, 
and TSM for Back Bay Event A
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The concentrations of Pb-210 and Po-210 were 4.21 and 3.71 
pCi/100 kg, respectively. A rainstorm of rather long 
duration occurred from September 19-22, 1982. The amount 
of precipitation recorded for this event at Back Bay was 
12.1 cm. The Pb-210 concentration in a rain sample 
obtained concurrently at ODU, which is about 20 miles away 
from Back Bay, was 14.6 pCi/L. Based on this
concentration, the theoretical addition of Pb-210 to Back 
Bay should have been 8.4 pCi/100 kg. By September 23, the 
Pb-210 and Po-210 concentrations were 4.62 and 4.12 pCi/100 
kg, respectively. The concentrations of Pb-210 were 
therefore significantly lower than the predicted 
concentrations. This indicates that a major fraction of 
the Pb-210 might have already been removed prior to
September 23. If this explanation is correct and Pb-210 is 
assumed to have been added to the water column during the 
initial portion of the precipitation event (Gavini et al., 
1976; Burchfield et al., 1983), the concentration of Pb-210 
would have been 12.6 pCi/100 kg on September 19, and a
removal residence time of 4 days can be calculated based on
first-order kinetics. It is also possible that the
atmospheric Pb-210 flux calculated from the concentration
of Pb-210 in precipitation collected at ODU might not be 
applicable to Back Bay, due to the spatial variations in 
rainfall at both sites during the same time period (Back
Bay = 12.1 cm; ODU = 1.0 cm).
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All three radionuclides were measured in association 
with Event B (Appendices 3.3-3.4). The precipitation
event, measuring 3.9 cm, occurred on November 4, 1982. The 
concentrations of Pb-210 and Be-7 in the rain collected at 
Back Bay were 0.78 and 7.2 pCi/L, corresponding to
theoretical additions of 1.7 and 15.6 pCi/100 kg,
respectively. On November 5, immediately following the
rainstorm, the water column Pb-210 concentration was found 
to be 4.23 pCi/100 kg, decreasing to 3.2 pCi/100 kg on
November 7 (Figure 3.3). Based on first-order kinetics, 
the removal residence time is calculated to be 7 days.
The removal patterns for dissolved Po-210 and Pb-210 
in Event C (Figure 3.4) were more complex than those
observed in both Events A and B, since two separate
rainstorm events occurred on February 23-26 and March 1-2; 
with accumulations of 4.6 and 2.4 cm, respectively. The
concentrations of dissolved Pb-210 (Appendix 3.5) decreased
very rapidly with time; from ca. 7 pCi/100 kg on February
28, to ca. 2 pCi/100 kg on March 2. The removal residence 
time was estimated to be ca. 1.7 days. The removal rates
of Po-210 and Pb-210 following the March 1-2 rain event are
both calculated to be 1 day. The removal rates for Event C 
are faster than those measured for Events A and B. It is 
interesting to note that the concentrations of total
suspended matter (TSM) were also the highest during this 
event. These elevated concentrations of TSM also occurred
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Figure 3.3. Dissolved Po-210 and Pb-210, and TSM, for 
Back Bay Event B.
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Figure 3.4. Dissolved Po-210 and Pb-210, Chlorinity, and 
TSM for Back Bay Event C.
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
1 0 5
at a time when the abundance of phytoplankton was expected 
to be the highest (Comegys, 1977).
The final series of water column samples was obtained
following a rainstorm event on May 4, 1983 (Event D) and 
are presented in Figure 3.5. The concentrations of Pb-210 
and Be-7 in the rainwater measured 1.64 and 23.7 pCi/L, 
respectively. The corresponding theoretical additions of 
Pb-210 and Be-7 to the Back Bay water column would have 
been 1.41 and 20.3 pCi/100 kg, respectively. The ambient
dissolved Pb-210 concentration (Appendix 3.6) prior to the 
precipitation event was 2.66 pCi/100 kg, with a rapid
elevation to 5.31 pCi/100 kg immediately following.
Therefore, the observed addition of Pb-210 was 2.65 pCi/100 
kg. The removal residence time for dissolved Pb-210 was 
calculated to be 19 days.
During most of the experiments, chlorinities were 
measured in Back Bay (Figures 3.2-3.5). Chlorinity seemed 
to stay relatively constant with time. This suggests that 
rainwater had already been thoroughly mixed with bay water
when the first sample was obtained after the event. With
the exception of Event C, the concentrations of TSM also 
stayed rather constant after the event. This suggests that 
large-scale resuspension of sediments was absent.
The increase in the concentrations of Po-210
immediately following a precipitation event was not
expected since the atmospheric flux of Po-210 should not
have been large enough to cause such an elevation in






































Figure 3.5. Dissolved Po-210 and Pb-210, Chlorinity, 
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concentration. A possible source of this Po-210 is from 
the mobilization of Po-210 in the sediments. However, this 
Po-210 must be in the dissolved form which is operationally 
defined in this study as material which can pass through a 
filter with a pore-size of 1 urn. Excess total Po-210 has 
previously been reported by Schell (1977) for coastal 
waters in Washington, USA. He proposed three mechanisms by 
which this would occur: 1) preferential scavenging of
Pb-210 by rapidly settling particulate matter, 2) 
bioaccumulation of Po-210 in plankton which is recycled in 
the water column, and 3) removal of Po-210 and Pb-210 by 
sediments, with subsequent remobilization of Po-210 to the 
overlying water column. All these explanations suggest a 
decoupling of the geochemistries of Pb-210 and Po-210 in 
coastal waters.
During Event B, one subsample was filtered only
through a spun glass-wool filter cartridge. Another 
subsample was filtered through 1 um Gelman A/E glass-fiber 
filters, and in a third subsample the particles were 
removed by gravity settling for ca. 24 hours (Appendix 
3.4). The lowest Pb-210 concentrations were obtained for 
samples which had been filtered through the 1 um Gelman A/E 
glass-fiber filters. The results are shown in Figure 3.3 
and were described previously. Figure 3.6 is a plot of
Pb-210 vs. time for glass-wool filtered water and water in
which particulate matter had been removed from suspension 
by gravity settling. A removal rate of 6 days is











■ P b -210  (glass-wool filtration)
D Pb-210 (particles removed from 
suspension by settling)
Rain
11-5 11-7 11 -9 11-11
Figure 3.6.
Date (month-day)
Pb-210 concentrations versus time (Event B) for 
samples in which particles were removed by 
glass-wool filtration and gravity settling.
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calculated for Pb-210 in the latter sample. The
concentration of Be-7 in a sample which had been filtered 
through the glass wool cartridge decreased from 19.3 on 
November 5, to 8.5 pCi/100 kg on November 11, with a
corresponding removal residence time of 8 days (Figure 
3.7). For water samples in which the particles had been
removed by gravity settling, the Be-7 removal residence
time was calculated to be ca. 5 days. The Be-7 
concentrations in samples processed by glass-wool 
filtration for particulate matter removal, are higher
(sometimes by a factor of more than two) than those 
employing gravity settling, implying a greater relative 
efficiency of the latter technique. Be-7 removal residence 
times calculated for both sample types yield virtually 
identical removal residence times.
Two separate water samples were obtained on February 
28 (Event C) for dissolved Po-210 and Pb-210 analyses. One 
sample was filtered through a 1 um pore-size Cuno Micro 
Wynd II filter cartridge, while the other was filtered 
through 1 um pore-size Gelman A/E filters. The Po-210 and 
Pb-210 concentrations were almost a factor of 4 higher in 
the samples filtered only through the filter cartridge.
Samples obtained during Event D for Pb-210 and Be-7 
analyses by iron hydroxide precipitation were filtered 
through 1 um Cuno Micro Wynd II cartridges only. The data 
are presented graphically in Figures 3.8-3.9 and tabulated 
in Appendix 3.7. The concentrations of Pb-210 and Be-7
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Be-7 concentrations versus time (Event B) for 
samples in which particles were removed by 
glass-wool filtration and gravity settling.
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Figure 3. 3. Pb-210 concentrations versus time (Event D)
for samples passed through 1 um pore-size 
Cuno Micro Wynd II filter cartridges.
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Figure 3.9. Be-7 concentrations versus time (Event D) f 
samples passed through 1 um pore-size 
Cuno Micro Wynd II filter cartridges.
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before the rainstorm were 17 and 43 pCi/100 kg,
respectively. Excluding the value for May 5, which appears 
anomalously low, the calculated removal time for Pb-210 is 
29 days. The removal residence time of dissolved Be-7 
during Event D in Back Bay is calculated to be 16 days.
Thus, it is apparent that the efficiency in the 
removal of particulate Pb-210 and Be-7 increased in the
following manner: glass-wool filter < gravity settling <
Micro Wynd II filter cartridge < Gelman A/E filtration. 
Furthermore, a substantial fraction of Pb-210 (85 percent), 
for example, occurred in the particles that did not settle
out in a day, but were retained by a 1 um pore-size filter
(Event B ) . However, whatever method was used for the 
separation of the dissolved from the particulate phase, the 
removal residence time was not changed by more than a 
factor of two. In other words, significant amounts of the
radionuclides might be associated with fine particles, but
these fine particles were removed at a rate that was 
similar to the rate of removal of the radionuclides in the 
dissolved form.
Radionuclide data obtained for the settled particulate 
matter of Event D is presented in Appendix 3.8. The
particulate matter which was analyzed for excess Pb-210 and 
Be-7 failed to show an increasing specific activity with 
time following the event. This is consistent with the
suggestion that a significant fraction of the radioactivity 
resides on particles which do not settle rapidly.
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CONCLUSION
Concentrations of dissolved Pb-210, Po-210, and Be-7 
obtained from the water column of Back Bay before and 
immediately following four individual rainstorm events have 
revealed the following information:
1) The data clearly demonstrate that the addition of 
Pb-210 and Be-7 to a shallow aquatic environment during 
a precipitation event can cause an observable elevation 
of the water column concentrations of dissolved Pb-210 
and Be-7.
2) Dissolved Pb-210, Po-210, and Be-7 appear to be 
removed with time following a rainstorm event.
3) Slightly faster removal times are observed for Po-210 
and Pb-210 in the Spring, when particulate matter 
concentrations are higher.
4) Their appears to an additional source of Po-210 to 
Back Bay, becoming evident immediately following a 
precipitation event. Since the atmospheric flux of 
Po-210 is generally small, it is suggested that 
remobilization of Po-210 from sediments supplies Po-210 
to the overlying water column.
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5) It appears that significant amounts of all three
radionuclides might be associated with fine particle 
that are removed at rates which are similar to th 
removal of radionuclides in the dissolved form.
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Appendix 3.1. Po-210 and Pb-210 concentrations in wet-only precipitation samples 












7-14-82 0.9 2.91 0.13 + 0.01 3.25 + 0.16 0.039 + 0.004
7-16-82 3.4 10.88 0.05 + 0.003 1.19 + 0.05 0.041 + 0.003
7-17-82 2.0 3.89 0.11 + 0.009 2.93 + 0.14 0.037 + 0.004
7-28-82 0.5 0.69 0.10 + 0.03 13.35 + 0.61 0.008 + 0.002
8-8-82 2.5 3.13 3.62 + 0.13
8-12-82 6.4 8.18 0.027 + 0.045 1.96 + 0.06 0.01 + 0.02
8-15-82 1.4 1.84 0.34 + 0.11 4.50 + 0.16 0.08 + 0.02
8-16-82 0.7 0.86 5.72 + 0.27
8-17-82 2.6 3.34 0.30 + 0.09 3.68 + 0.15 0.08 + 0.03
2-5-83
(Snow)
1.14 2.52 + 0.13
Counting errors are one signa
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Appendix 3.2. Back Bay Event A
CSXF Precipitation Record (9-19-82 to 9-21-82): 1.04 cm 
Pb-210 concentration in rain at QDU = 14.6 H- 0.5 pCL/L 











9-17-82 25.0 27 — 3.71 + 0.15 4.21 + 0.18 0.88 + 0.05
9-23-82 21.5 26 1.86 4.12 + 0.16 4.62 + 0.19 0.89 + 0.05
9-24-82 22.5 12 1.86 3.68 + 0.15 5.11 + 0.23 0.72 + 0.04
9-25-82 22.0 25 1.76 3.09 + 0.31 5.07 + 0.19 0.61 + 0.07
Counting errors are one sigpa 
Theoretical addition of dissolved Pb-210
to Back Bay assuming QDU precipitation flux: 8.4 + 0.3 pGi/100 kg
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Appendix 3.3. Back Bay Event B
Back Bay Precipitation (11-4-82): 3.9 cm
Pb-210 concentration in rain at Back Bay = 0.78 + 0.03 pCi/L
Date TSM Organic Po-210 Pb-210 Po-210
(mg/L) Carbon
(%)
--- (pCi/100 kg)----- Pb-210
11-5-82 49 -- 3.18 + 0.29 4.23 + 0.21 0.75 + 0.08
11-7-82 54 -- 3.26 + 0.32 3.20 + 0.16 1.02 + 0.11
11-9-82 35 1.9 2.43 + 0.24 3.52 + 0.18 0.69 + 0.08
11-11-82 46 -- 2.46 + 0.24 3.55 + 0.18 0.69 + 0.08
Counting errors are one sigma 
Theoretical addition of
dissolved Pb-210 to Back Bay: 1.7 + 0.1 pCi/100 kg 
* Settled particles
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Appendix 3,4. Back Bay Event B
Back Bay Precipitation (11-4-82): 3.9 an
Pb-210 concentration in rain at Back Bay = 0.78 + 0.08 pGL/L
Be-7 concentration in rain at feck Bay = 7.2 + 1.0 pCL/L
Date Sample Be-7 Pb-210
-— (pCi/100 kg)---
11-5-82 F 19.3 + 3.0 24 + 4
S 9.0 +1.9 28+1
11-7-82 F 11.2 + 2.3 21 + 2
S 6.3 +1.8 27 + 3
11-9-82 F 11.1 + 3.6 22 + 3
S 2.1 + 1.4 8 + 3
11-11-82 F 8.5 + 2.2 19 + 2





0.12 + 0.08 N.D. 1.02 + 0.22
0.45 + 0.29
N.D.
F = filtered through glass-wool cartridge 
S = settled particles from suspension for ca. 24 hours 
N.D. = not detected
Counting errors are one sigpa
Radionuclides were concentrated from water samples by Fe hydroxide precipitation 
Theoretical addition of dissolved Be-7 to Back Bay: 15.6 _+ 2 pCi/100 kg
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Appendix 3.5. Back Bay Event C
&dc Bay Precipitation Record (2-23-83 to 2-26-83): 4.6 era
(3-1-83 to 3-2-83): 2.4 cm
Date Temp. ISM a Po-210 Pi>-210 Ra-226 Po-210
(°C) (mg/L) (%o) -(pa/100 kg)- Pb-210
(a)2-28-83 6.0 117 1.19 22.5 + 1.1 30.2 + 1.1 0.75 + 0.05
(b)2-28-83 6.0 117 1.19 6.95 + 0.35 7.76 + 0.34 0.90 + 0.06
3-1-83 7.5 348 1.12 5.11 + 0.26 5.47 + 0.23 0.93 + 0.06
3-2-83 9.0 268 1.15 2.24 + 0.11 2.31 + 0.13 ---- 0.97 + 0.07
3-3-83 9.9 198 1.04 7.64 + 0.38 10.69 + 0.45 0.71 + 0.05
3-4-83 11.6 103 1.05 3.44 + 0.17 3.64 + 0.20 5.16 + 0.22 0.95 + 0.07
3-5-83 14.1 53 1.20 5.99 + 0.30 7.34 + 0.32 0.82 + 0.05
3-6-83 12.7 83 1.10 7.01 + 0.35 7.62 + 0.34 0.92 + 0.06
Counting errors are one sigpia
(a) filtered through 1 um AMF Cuno Micro Wynd polypropylene filter cartridge
(b) filtered through 1 um Gelman A/E glass fiber filters
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Appendix 3.6. Bade Bay Event D
Back Bay Precipitation Record (4-24-83 to 4-25-83): 2.9 cm
(5-4-83): 1.5 cm
Pb-210 concentration in rain at Back Bay (5-4-83) = 1.64 _+ 0.07 pCL/L
Ebte Tenro. TSM Cl Po-210 Pb-210 Ra-226 Po-210
(°C) (mg/L) (°/oo) -(pCi/100 kg)- Pb-210
4-29-83 19.2 90 0.96 4.05 + 0.21 3.15 + 0.15 1.28 + 0.09
5-4-83 20.5 99 0.95 3.20 + 0.17 2.66 + 0.14 1.20 + 0.09
5-5-83 21.0 57 0.90 6.35 + 0.27 5.31 + 0.26 1.19 + 0.08
5-6-83 20.5 100 0,90 6.30 + 0.27 4.69 + 0.20 1.34 + 0.08
5-7-83 20.0 95 0.92 6.09 + 0.28 4.39 + 0.21 1.39 + 0.09
5-8-83 21.0 173 0.91 5.07 + 0.25 4.59 + 0.22 1.11 + 0.08
5-10-83 19.0 99 0.92 5.05 + 0.27 3.91+0.20 5.06 + 0.65 1.29 + 0.10
Counting errors are one sigpia
Theoretical addition of dissolved Pb-210 to Back Bay: 1.41 ±_ 0.06 pCi/100 kg
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Appendix 3.7. Back Bay Event D
Back Bay precipitation (5-4-83): 1.5 cm
Pb-210 concentration in rain at Back Bay = 1.64 ±  0.07 pCi/L 
Be-7 concentration in rain at Back Bay = 23.7 ± 7 . 7  pCi/L
Date Be-7 Pb-210
 (pCi/100 kg)----
4-29-83 4 3 + 5  1 7 + 2
5-4-83 8 5 + 9  3 0 + 3
5-5-83 6 4 + 6  1 4 + 1
5-6-83 8 2 + 6  2 7 + 3
5-8-83 6 3 + 6  3 0 + 3
5-10-83 5 4 + 6  2 3 + 2
Counting errors are one sigma
Samples filtered through 1 um AMF Cuno Micro Wynd filter 
Radionuclides concentrated by Fe hydroxide precipitation 
Theoretical addition of
dissolved Be-7 to Back Bay: 20.3 + 6.6 pCi/100 kg
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Appendix 3.8. Radionuclide and organic carbon data for surficial sediment and settled particles from Back Bay (Event D)
Date Sample Organic Be-7 Pb-214 Total Pb-210 Excess Pb-210 K-40 Cs-137
carbon(%)
4-29-83 SP 7.2 4.66 + 0.48 0.78 + 0.05 4.34 + 0.16 3.56 + 0.21 22.2 + 0.6 2.48 + 0.05
5-4-83 SP 6.0 2.21 + 0.29 ---------  4.03 + 0.12 3.25 + 0.18 21.4 + 0.5 2.76 + 0.
SS 2.2 0.41 + 0.28 0.86 + 0.05 1.96 + 0.15 1.18 + 0.20 15.8 + 0.3 0.93 + 0.
5-5-83 SP 5.8 5.69 + 0.60 ---------  4.70 + 0.21 3.92 + 0.25 28.1 + 0.9 3.23 + 0.
5-6-83 SP 5.6 2.62 + 0.66 0.74 + 0.C4 3.72 + 0.14 2.94 + 0.19 24.6 + 0.9 2.88 + 0.
SS —  0.64 + 0.54 0.74 + 0.06 2.68 + 0.20 1.90 + 0.24 17.4 + 0.4 0.95 + 0.
5-8-83 SP 5.8 2.34 + 0.28 ---------  4.22 + 0.14 3.44 + 0.19 20.7 + 0.5 2.43 + 0.
SS 2.4 0.65 + 0.93 0.79 + 0.05 2.40 + 0.16 1.62 + 0.21 15.6 + 0.4 1.08 + 0.
5-10-83 SP 5.4 2.28 + 0.33 0.79 + 0.04 3.22 + 0.15 2.44 + 0.20 25.2 + 0.5 2.95 + 0.
SS 2.0 0.10 + 0.20 0.76 + 0.06 1.77 + 0.15 0.99 + 0.20 14.9 + 0.4 0.83 + 0.
All radionuclide data in units of pCi/g dry sediment
Supported Pb-210 (average of all Pb-214 values) = 0.78 + 0.13 pCi/g
SP = settled particles








GEOCHEMISTRY OF PO-210 AND PB-210 IN THE 
ORCA BASIN, GULF OF MEXICO
ABSTRACT
Vertical profiles of dissolved Po-210, Pb-210, and
Ra-226 were obtained from waters overlying and in the Orca 
Basin, an anoxic, hypersaline and yet non-sulfide bearing 
basin in the Gulf of Mexico. The station occupied had a 
depth of 2410 m, and the seawater-brine interface was 
located ca. 2230 m.
From the surface to 250 m, the concentrations of 
dissolved Po-210 and Pb-210 ranged from 6-8 dpm/100 kg. 
Between 250 m and 740 m, the concentrations decreased
gradually with depth and remained at 2-3.5 dpm/100 kg from
740 m to 2100 m. Surface Ra-226 concentrations were ca. 7 
dpm/100 kg and ranged between 8.7 to 9.3-12.7 from 250 m to 
2200 m.
At the seawater-brine interface, a sharp maximum was 
observed in the profiles of Po-210, Pb-210, and Ra-226, 
reaching concentrations of 56.0, 28.3, and 840 dpm/100 kg, 
respectively. These are some of the highest values
reported for the open ocean. Below the interface,
concentrations decreased to ca. 9 dpm/100 kg for Po-210,
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ca. 6 dpm/100 kg for Pb-210, and from 194-233 dpm/100 kg 
for Ra-226. Throughout most of the water column there was 
a marked deficiency of Pb-210 with respect to Ra-226.
The sharp maxima at the seawater-brine interface may 
be caused by a combination of the dissolution of hydrous 
manganese oxides and the decomposition of biogenic
particulate material. The presence of elevated
concentrations of dissolved Po-210 and Pb-210 in the Orca 
Basin anoxic brine is in contrast to those found in anoxic, 
sulfide-bearing systems (e.g. Cariaco Trench), where the 
radionuclides may be efficiently removed by metal-sulfide 
precipitation. The residence time of Pb-210 in the brine 
is estimated to be ca. 1 year.
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INTRODUCTION
The marine geochemistries of Po-210, Pb-210, and
Ra-226 of the naturally-occurring U-238 series have 
received a great deal of attention in the past decade 
because they can reveal important information regarding the 
rates of transfer of trace elements between the dissolved 
and particulate phases in the ocean (Somayajulu and Craig, 
1976; Nozaki et al., 1976, 1980; Bacon et al., 1976; Chung 
and Applequist, 1980; Chung, 1981; Chung et al., 1982; 
Chung and Craig, 1983; Cochran et al., 1983). Had the 
chemistries of Po-210, Pb— 210, and Ra-226 been identical, 
given time, secular equilibrium would have been reached and 
the activities of these three radionuclides would be the 
same. However, it is well-known that Po-210 and Pb-210 are 
much more particle-reactive than Ra-226. Furthermore, 
while Po-210 and Pb-210 are known to be particle-reactive, 
the processes which control their distributions in seawater 
may be different. Whereas the distribution of Po-210 might 
be greatly influenced by biological processes (Shannon et 
al., 1970; Turekian et al., 1974; Bacon et al., 1976), that 
of its grandparent, Pb-210, may be significantly affected 
by adsorption onto inorganic phases (Craig et al., 1973; 
Krishnaswami et al., 1975; Nozaki and Tsunogai, 1976; Bacon 
et a l ., 1976, 1980a). Bacon et al. (1976) reported a
marked deficiency of dissolved Po-210 with respect to 
Pb-210 in the mixed layer of the North Atlantic Ocean, and 
suggested that this was consistent with a more efficient
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
n & t
biological removal of the former radionuclide. 
Correspondingly, the activity ratios of Po-210/Pb-210 in 
the particulate phase were typical of those in marine 
plankton, significantly exceeding the secular equilibrium 
values of 1.0. Moreover, 67 and 5 percent of particulate 
Po-210 and Pb-210, respectively, were found to be recycled 
in the thermocline, further indicating that these two 
radionuclides may be incorporated into different carrier 
phases. In deeper oceanic waters, deficiencies in Pb-210
with respect to Ra-226 have been observed, and mechanisms 
such as adsorptive removal onto settling particulate matter 
and at the water-sediment interface have been offered as
possible explanations (Craig et al., 1973; Somayajulu and 
Craig, 1976; Thomson and Turekian, 1976; Bacon et al., 
1976; Bacon, 1977; Nozaki et al., 1980; Spencer et al., 
1981). The disequilibrium between Po-210 and Pb-210, and
Pb-210 and Ra-226, in vertical oceanic profiles has been 
used to estimate rates of chemical removal of 
particle-reactive Po-210 and Pb-210, respectively, through 
the application of simple steady-state box models (Nozaki 
and Tsunogai, 1976; Bacon et al., 1976) and 
advection-diffusion models (Craig et al., 1973). 
Application of simple box-models to measurements of surface 
ocean Po-210/Pb-210 and Pb-210/Ra-226 activity ratios has 
yielded Po-210 and Pb-210 residence times on the order of a 
year (Nozaki and Tsunogai, 1973, 1976; Bacon et al., 1976; 
Nozaki et al., 1976). In the mid- to deep-ocean waters,
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
1 2 8
however* residence times of Pb-210 may be considerably 
longer, sometimes up to several hundred years (Somayajulu 
and Craig, 1976; Bacon et al., 1976; Nozaki et al., 1980; 
Chung and Craig, 1983; Cochran et al., 1983).
It is well-known that that the redox condition of a 
body of water can exert a major control on the chemistry of 
particle-reactive elements. In the oxic water column, the
redox condition is assumed to be poised by the oxygen-water 
couple at a pE of 12.5 (Sillen, 1961). In sulfide-bearing 
systems, such as the Black Sea and Cariaco Trench, however, 
the redox condition may be controlled by the
sulfate-bisulfide couple at a pE of -4.1 (Spencer and 
Brewer, 1971). The dramatic change in redox condition
encountered at the oxic-anoxic interface of anoxic basins 
may have a profound affect on the concentrations of 
dissolved trace metals (Spencer and Brewer, 1971; Emerson 
et al., 1979, 1983; Jacobs and Emerson, 1982; Kremling,
1983; Peterson and Carpenter, 1983). Oxides and hydroxides 
of iron and manganese, which exist in the particulate form, 
and are the stable species of iron and manganese under oxic 
conditions are reduced to Fe(II) and Mn(II) in the 
dissolved form. Since Fe and Mn oxides and hydroxides are 
major carrier phases of some trace metals (Goldberg, 1954;
Krauskopf, 1956; Spencer and Brewer, 1971; Spencer et a l ., 
1972), trace metals that associate with them, either by 
adsorption or coprecipitation, may be released back into
solution when these solid phases are solubilized. In
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sulfide-bearing anoxic waters, some trace metals, for
example, iron, zinc, copper, and lead, may be converted to
the particulate phase by the formation of insoluble
sulfides. Consequently, the formation of insoluble 
metal-sulfide phases in anoxic systems may provide
additional surfaces for the adsorptive removal of other
dissolved chemical species.
Only one study to date, that of Bacon et al. (1980b)
in the Cariaco Trench, however, has described the
distributions of Po-210 and Pb-210, two particle-reactive
radionuclides, in a permanently anoxic basin. They
observed low concentrations of dissolved Pb-210 and
corresponding maxima in the concentrations of particulate 
Pb-210, Mn, and Fe just above the oxic-anoxic interface. 
They suggested that reduced Fe and Mn are supplied by 
diffusion to this region from the underlying anoxic waters.
As the reduced Fe and Mn are oxidized to form their
particulate oxides and hydroxides, Pb-210 is also removed 
from solution. In the oxic-anoxic transition zone, 
particulate Fe and Mn oxides and hydroxides are reduced and 
solubilized, thereby releasing any Pb-210 that may have 
been incorporated into these phases. Subsequently, maxima 
in dissolved Fe, Mn, and Pb-210 are observed. These 
features in the depth profiles of Pb-210 were not as 
conspicuous for Po-210, although the same trends were 
apparent. In the anoxic waters, the concentrations of
Po-210 and Pb-210 are low, while those of particulate
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Po-210 and Pb-210 are high. This may be caused by the
coprecipitation of Po-210 and Pb-210 with an insoluble
carrier phase such as iron sulfide. Dissolved 
Pb-210/Ra-226 activity ratios in the sulfide-bearing anoxic 
water of the Cariaco Trench were reported to be ca. 0.05. 
By using a simple steady-state box model, the residence 
time of dissolved Pb-210 may be calculated to be ca. 2
years. The results of Bacon et al. (1980b) clearly suggest 
the importance of insoluble metal sulfides as effective 
scavengers of particle-reactive Po-210 and Pb-210 in 
sulfide-bearing anoxic systems.
In this chapter, I shall report the distributions of 
dissolved Po-210, Pb-210, and Ra-226 in waters overlying
and in the Orca Basin, an anoxic, hypersaline basin in the 
Gulf of Mexico. Although Orca Basin is anoxic, sulfide is 
virtually absent.
EXPERIMENTAL
Samples for Po-210, Pb-210, and Ra-226 analyses were
collected with 30-liter PVC Niskin bottles at 26°55'N, 
91°25'W in the Gulf of Mexico (Figure 4.1) during USNS 
Lynch cruise 703-83 in December 1982. The analytical 
procedure for dissolved Po-210 and Pb-210 was essentially 
that described by Bacon (1975). Upon retrieval, ca. 20 
liters of each sample was filtered immediately through 1 um 
pore-size filters, transferred to low-density polyethylene 
containers (collapsible Cubitainers), and acidified with
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Figure 4.1. Location map of the Orca Basin.
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concentrated hydrochloric acid (HC1) to a pH in the range
of 1.5 to 2.0. Each sample was spiked onboard ship with
known amounts of Po-209 and stable Pb (as lead nitrate),
which acted as yield monitors for Po-210
respectively. Samples were equilibrated with tracers for
no less than ca. 24 hours, and then a cobalt nitrate
solution was added. Ammonium pyrrolidine dithiocarbamate
(APDC) was added to the sample to precipitate the greenish
Co-APDC chelate. During this process, Po and Pb are also
removed from solution by coprecipitation. The precipitate
was subsequently collected by filtration onto glass fiber
filters and solubilized by refluxing in a mixture of 2N
nitric acid - 2N HG1 for 4 to 8 hours at 80°C. After
the particulate material had been removed by filtration,
hydroxylamine hydrochloride, bismuth holdback carrier, and
sodium citrate were added to the filtrate and the solution
was brought to ca. pH 1.5 with concentrated ammonium
hydroxide. Then, Po-209 and Po-210 were spontaneously
plated for 4 hours at 80°C with constant stirring onto
a silver disk (Flynn, 1968). After the Po isotopes had
been stripped, the solution was stored for ca. 9 months, in
order to allow for the regeneration of Po-210 from decay of
Pb-210. This Po-210 was replated onto a silver disk in the
presence of Po-209. The activities of Po-209 and Po-210 on
the disks were measured by alpha spectrometry. The
2counting system employs four solid-state, 300 mm ,
silicon surface-barrier detectors (two Ortec Model 576
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alpha spectrometer modules). In order to prevent 
alpha-particle absorption, a constant vacuum of 250 um Hg 
was maintained in the detector housings by continuous 
pumping with a Welsh Duo-Seal rotary oil vacuum pump. The 
detector signals were directed chi' o ugh— a— fnnr-i nnut-
multiplexer/router (Tracor Northern, Model 1710-5) and an 
analog-to-digital converter (Tracor Northern, Model 
1710-4), to a 4096-channel multichannel analyzer (Tracor 
Northern, Model 1710). The energy range was set such that 
each channel corresponded to an energy band of 5 keV. 
Recoveries for stable Pb were determined by atomic
absorption spectrophotometry using internal standard 
addition. The concentrations of Po-210 and Pb-210 were 
estimated from the activities of the Po-210 obtained during 
the first and second platings, respectively. The computer 
program used to correct water samples (for Po-210 and
Pb-210 analyses) for ingrowth and decay is presented in
Appendix A.
About 50 liters of each sample was pumped onboard ship 
into 50-liter capacity Nalgene containers for the 
determination of Ra-226. The samples were passed through 
PVC cartridges containing known quantities (less than 10 
grams post-leached weight) of Mn-fiber (Moore, 1976) at a 
flow rate not exceeding 0.5 liter per minute. The 
extraction procedure has been shown to provide quantitative 
(i.e. greater than 90 percent) recoveries for Ra-226 (Reid 
et al., 1979). Then, the Mn-fiber plug was stored in a
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plastic bag and returned to the laboratories of the Naval 
Ocean Research and Development Activity at Bay St. Louis, 
MS, for further analysis by J. Watkins. Mn-fiber plugs 
from the samples in the oxic water column were placed 
directly in equilibration flasks (Moore, 1981), degassed of 
any initial Rn-222, a noble gas and daughter of Ra-226, and 
allowed to stand for ca. 7 days to allow Rn-222 to grow 
towards equilibrium with its parent. Rn-222 was counted in 
a scintillation-counting system similar to that described 
in detail by Key et al. (1979). Mn-fiber plugs from 
samples in the anoxic brine were processed according to 
Reid (1979). This entailed leaching the plugs with hot 6N 
HC1 for 30 minutes and then passing the leachates through a 
Whatman No. 4 filter. Ten ml of saturated barium nitrate 
solution (ca. 0.5 g/10 ml) was then added to the leachate
with constant stirring. After the barium sulfate 
precipitate had settled (Note: sulfuric acid is usually
added to allow formation of the precipitate, however none 
was added to these samples since the ambient sulfate 
concentration was sufficient), the solution was decanted 
off, and the precipitate was washed several times with hot 
4N HC1, and then with deionized water. The precipitate was 
concentrated on a 0.45 urn pore-size cellulose membrane 
filter, which was subsequently fused with sodium carbonate 
and potassium carbonate in a platinum crucible. The fusion 
cake was placed in a beaker of deionized water, sonically 
disrupted, and washed with deionized water until the pH was
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
1 3 5
equivalent to that of deionized water. The Ba-Ra carbonate 
was dissolved in dilute HC1, and then 1 ml of saturated 
iron chloride solution was added. While boiling to remove 
carbon dioxide, iron hydroxide was precipitated by the 
addition of concentrated ammonium hydroxide. The 
 was— by filtration and discarded. The
filtrate was again purified by precipitation. Leachates 
were placed into equilibration flasks and scintillation 
counted as previously described. Blank corrections for 
Ra-226 on the acid-leached and unleached Mn-fibers 
(air-dried weights) were applied to the samples processed 
by barium sulfate precipitation and direct fiber emanation 
procedures, respectively.
Subsamples were also obtained for the determination of 
oxygen and nutrients (i.e., phosphate, silicate, nitrate 
plus nitrite) and analyzed according to accepted analytical 
methods (Mullin and Riley, 1955; Murphy and Riley, 1962; 
Carpenter, 1965; Wood et al., 1967). Oxygen was measured 
onboard ship, and samples for nutrient determination were 
shipped frozen to the Department of Oceanography at Old 
Dominion University (Norfolk, VA) and analyzed immediately 
upon arrival.
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RESULTS AND DISCUSSION 
Geology of the Orca Basin
The Orca Basin is an intraslope depression of
2approximately 400 km on the Louisiana continental 
slope of the Gulf of Mexico, having an average depth of 
1800 m and maximum depth of 2400 m (Shokes et al., 1977). 
The Orca Basin anoxic brine pool is found an a depth" ox-cav 
2230 m. The brine presumably began to accumulate
approximately 7900 years B.P. as a result of leaching and 
diffusion of adjacent salt structures (Addy and Behrens, 
1980). Shokes et al. (1977) reported that interstitial 
water from Orca Basin sediments showed a decreasing
chloride concentration with depth: evidence that the brine 
does not originate from underlying sediment, but rather 
diffuses in from an external source thought to be the basin 
s l opes.
Surficial sediments from Orca Basin consist of black 
anoxic mud, in which preserved Sargassum has been found 
(Trabant and Presley, 1978; Addy and Behrens, 1980). The 
black color has been attributed to the presence of
metastable iron sulfides such as greigite (Fe^S^) 
and mackinawite (FeS); however stable iron sulfides (i.e., 
FeS2) have not been found (McKee et al., 1978). Addy 
and Behrens (1980) observed a distinct transition from 
black to gray mud at ca. 5 meters, suggesting that the
sediment deeper in the core was deposited in an oxygenated
environment. The C-14 date for this transition layer was
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placed at 7900 years B.P., corresponding to the time period 
when anoxic brine began to accumulate.
Hydrography
The vertical profiles of salinity, temperature, 
sigma-t, oxygen, and nutrients are shown in Figure 4.2. 
The hydrography of the oxic water column (i.e., upper 2150 
meters) was found to be similar to that reported by 
Morrison et al. (1983) in the western Gulf of Mexico. 
Based on profiles of hydrographic parameters, the following 
water masses were observed: 1) surface water which is
indicated by a salinity minimum, possibly related, in part, 
to the Mississippi River outflow, 2) Subtropical Underwater 
(Wust, 1964) or Caribbean Water with a subsurface salinity 
maximum at 78 m, 3) Tropical Atlantic Central Water with a 
subsurface oxygen minimum at 377 m (126 u M ) , 4) Antarctic 
Intermediate Water (AAIW) with a broad salinity minimum at 
ca. 750 m, nitrate maximum (25.7 uM) at 739 m, and 
phosphate maximum (ca. 2 uM) between 498 m and 744 m, and 
5) a mixture of Upper North Atlantic Deep Water (UNADW) and 
Caribbean Midwater represented by a constant salinity of 
ca. 34.95°/oo from 1000 m to 2100 m, silicate maximum 
(31 uM) between 994 m and 1230 m, and oxygen maximum (229 
uM) at 2000 m.
At 2170 m, the salinity was 40.48°/oo and 
increased sharply to ca. 263°/oo at 2265 m. The oxygen 
profile displayed a marked decrease below 2078 m and became
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undetectable at 2235 m. The nitrate plus nitrite profile
decreased rapidly in the same zone, indicating that nitrate
reduction and/or denitrification had occurred. The strong
pycnocline observed between overlying seawater (density = 
3
1.025 g/cm ) and Orca Basin brine (density = 1.185
3
g/cm ), has been described in detail elsewhere (Shokes 
et al., 1977; Wiesenburg, 1980) and is so intense that it 
can be resolved in low-frequency acoustical sounding 
systems. The pycnocline may act as an effective particle 
trap for influxing particulate material of biogenic or 
lithogenic origin as qualitatively depicted in the 
transmission profile in Figure 4.3.
Distributions of Po-210, Pb-210, and Ra-226 in the 
Oxic Water Column Overlying Orca Basin
The distributions of Po-210, Pb-210, and Ra-226 are
shown in Figure 4.4 (and presented in tabular form in 
Appendix 4.1). In the surface waters, there is a 
deficiency in Pb-210 with respect to Ra-226 of 0.7 dpm/100 
kg. In most previous studies in the Atlantic and Pacific 
Oceans (Bacon et al., 1976; Chung and Craig, 1983), an 
excess was observed, and the excess was attributed to the 
atmospheric flux of Pb-210, an additional source of Pb-210, 
which has exceeded the rate of removal by particulate 
scavenging. If a steady-state system is assumed, there are 
two ways to explain the Pb-210 deficiency observed. First, 
the atmospheric Pb-210 flux in this area may be unusually 
small. This is unlikely since the variability of the
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Figure 4.3. Transmission profile across the Orca Basin 
seawater/brine interface.
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Figure 4.4. Dissolved Po-210, Pb-210, and Ra-226 profiles 
in the Orca Basin.
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atmospheric Pb-210 flux in the United States is found to be 
quite small, with a mean value based on precipitation
measurements, of ca. 1 dpm/cm /yr (Turekian et al., 
1977, 1983; Talbot and Andren, 1983). Secondly, there may
be a more rapid than usual removal of Pb-210 due to a 
boundary effect as continental margins are approached 
(Bacon et al., 1976). If a steady-state is not assumed, 
this feature may be explained by the presence of a water
mass having Ra-226, free of Pb-210, being supplied to this 
area relatively recently. Since the Orca Basin is 
relatively close to the continental margins and the mouth 
of the Mississippi River, Ra-226 may be released to the 
water column without its daughter, Pb-210, by desorption in
the estuaries and diffusion from underlying sediments (Li
and Chan, 1979; Li et al., 1979; Elsinger and Moore, 1980; 
Moore, 1981). These source terms will be particularly 
strong in coastal areas. If the surface water at this 
station is advected from the coastal regions, then the 
water may not have been sufficiently old to have allowed 
Pb-210 to achieve secular equilibrium with Ra-226. Thus, 
although the atmospherically-derived Pb-210 might still be 
present, it may not be sufficient to overcome the 
deficiency. A slight surface depletion of Po-210 was also 
evident in the surface waters,
The concentrations of Po-210 and Pb-210 stay between 
ca. 6-8 dpm/100 kg down to about 250 m. From 250 m to ca.
750 m, the concentrations of both Po-210 and Pb-210
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decrease sharply; from 7.3-7.7 dpm/100 kg to ca. 3 dpm/100 
kg. There is an anomalously low value for Po-210 at 377 m 
(1.9 dpm/100 kg). This may be an experimental artifact
since the chemical yield of this sample is also anomalously 
low. Between 750 m and 2200 m, in the region of the AAIW
and UNADW, concentrations of Po-210 and Pb-210 ranged 
between 1.8 and 3.5 dpm/100 kg. The activity of Ra-226 
increases gradually with depth between 250 m and 2200 m 
from 8.7 to 9.3-12.7 dpm/100 kg. Thus, there is a marked 
disequilibrium between Pb-210 and Ra-226 below 750 m.
Po-210 and Pb-210 activity differences are plotted in 
Figure 4.5. The dashed line at zero represents secular
equilibrium between these two radionuclides. As discussed 
previously, there is a slight deficiency of Po-210 with
respect to Pb-210 in the surface water and a small excess
at 78 m. From 78 m to 2078 m, the average difference 
between the two radionuclides is -0.13 Hh 0.34 dpm/100 kg, 
indicating that secular equilibrium was reached in the
older waters.
Distributions of Po— 210, Pb— 210, and Ra-226 in the 
Anoxic, Hypersaline Orca Basin
At the oxic-anoxic interface, strong maxima in the 
profiles of Po-210, Pb-210, and Ra-226 were observed with
concentrations of 56.0, 28.3, and 840 dpm/100 kg,
respectively. These are some of the highest values
reported in the literature for the open ocean to date. 
These remarkably sharp maxima may be related to the
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Figure 4.5. Difference plot of dissolved Po-210 and Pb-210 
versus depth in the Orca Basin.
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manganese cycle, similar to that described by Bacon et al. 
(1980b) for the Cariaco Trench, and Spencer and Brewer
(1971) for the Black Sea. Although manganese 
concentrations were not measured in this study, data from
Trefry et al. (1983) have been utilized for comparison and
are presented in Figure 4.6. The data from Trefry et al.
(1983) clearly indicate a maximum in particulate Mn of 165 
m g/g> just above the oxic-anoxic interface and a dissolved 
Mn maximum of 22 mg/L in the anoxic waters below. It
appears that reduced Mn diffuses across the oxic-anoxic 
interface, precipitates upon oxidation, scavenges Po-210, 
Pb-210, and Ra-226 from solution, and settles across the
interface where the precipitate dissolves and releases the 
radionuclides back into solution. The amount of excess
Po-210 relative to Pb-210 is substantial (i.e.
Po-210/Pb-210 activity ratio of 2.0) and requires a source 
that is enriched in Po-210 and/or a more effective removal 
of Pb-210 at this boundary. The additional source of 
Po-210 may be from the preferential decomposition of
organic matter in the pycnocline, since biogenic
particulate material is known to be enriched in Po-210
relative to Pb-210 (Shannon et al., 1970; Cherry and
Shannon, 1974; Turekian et al., 1974; Cherry et al., 1975; 
Kharkar et al., 1976; Bishop et al., 1977; Beasley et al., 
1978; Heyraud and Cherry, 1979, 1983; Cherry and Heyraud, 
1981, 1982).
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Figure 4.6. Dissolved and particulate manganese profiles 
at the Orca Basin oxic/anoxic interface 
(Trefry et al., in press)
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Below the interface in the anoxic brine, the 
concentrations of Po-210 and Pb-210 decreased to 9.4-9.5 
and 5.9-7.3 dpm/100 kg, respectively, while the
concentration of Ra-226 also decreased to 194-233 dpm/100 
kg. Within the brine, however, the concentrations of 
Po-210 and Pb-210 are still quite high and do not decrease 
to near-undetectable concentrations as observed in the 
Cariaco Trench, where Bacon et al. (1980b) suggested that 
Po-210 and Pb-210 may have been efficiently removed from 
solution by coprecipitation with metal sulfides. -Unlike 
the Cariaco Trench, a large amount of sulfate (ca. 33 mM) 
is still present in the anoxic brine of Orca Basin, and 
dissolved sulfide is virtually absent (Figure 4.7). It has 
been suggested that the high salinities in the brine might 
actually suppress the activities of sulfate-reducing 
bacteria, and hence the rate of sulfate reduction
(Wiesenburg, 1980). Since the Orca Basin sediments are an 
abundant source of dissolved Fe (Trabant and Presley, 1978;
Wiesenburg, 1980), any sulfide that is produced may be 
rapidly precipitated as iron sulfide. It does not appear, 
however, that the amount of iron sulfide formed is
sufficient to remove Po-210 and Pb-210 to the same extent
as in the Cariaco Trench.
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Material-Balance Considerations
The removal rates of dissolved Po-210 and Pb-210 may 
be estimated with steady-state material balance models 
(Nozaki and Tsunogai, 1976; Bacon et al., 1976, 1980a,b). 
In waters below the penetration depth of atmospheric 
Pb-210, the material balance for dissolved Pb-210 is:
Ra Ra Pb Pb Pb Pb
or
ARa X Ra “ APb X Pb + APbkPb
where, 1 pa and 1 p b are the radioactive decay
constants for Ra-226 and Pb-210, respectively, Npa and
are the number of atoms, A,, and A t,, are Pb Ra Pb
the radionuclide concentrations (dpm/100 kg), and kpb 
is the first-order removal rate constant for dissolved 
Pb-210. The equation above may be transcribed to yield the 
removal residence time of dissolved Pb-210, T pb , 
where,
T 1 R 1
Pb kpb 1 - R X pb
and R is the dissoved Pb-210/Ra-226 activity ratio.
Thus, T p b may be defined for a given activity ratio of
Pb-210/Ra-226. A plot of dissolved Pb-210 vs. Ra-226 is 
shown in Figure 4.8 with dashed lines representing various 
numerical values for R, and thus T p b> Samples from 
the upper 250 m of the water column appear in the domain of 
R between 0.8 and 1.0. However, in this depth range, the
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atmospheric Pb-210 flux may dominate the total Pb-210
production, and therefore, in order to solve for x p^,
an atmospheric flux must be incorporated into the material
balance model for dissolved Pb-210. Assuming a 
21 dpm/cm /yr atmospheric Pb-210 flux, and using average
2
integrated Pb-210 and Ra-226 inventories (dpm/cm ) for 
the upper 250 m, x is calculated to be ca. 2 years. 
Between depths of 498 m and 2078 m, R ranges from 0.26 to 
0.40, corresponding to dissolved Pb-210 removal residence 
times of between 11 and 22 years. The calculated Pb-210
removal times in the present work are consistent with those 
from previous investigations (Nozaki and Tsunogai, 1976; 
Bacon et al., 1976; Nozaki et al., 1976). Within the
anoxic brine of Orca Basin, R is calculated to be 0.03, 
yielding a removal residence time of ca. 1 year. This 
value is quite similar to the 1.7 year value reported by
Bacon et al. (1980b) for the Cariaco Trench.
A plot of dissolved Po-210 vs. Pb-210 for samples 
obtained in the oxic water column is presented in Figure
4.9. A similar material-balance model for dissolved Po-210 
is not successful because the disequilibrium between these 
two radionuclides is too small.
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Figure 4.9. Plot of dissolved Po-210 versus Pb-210 in the 
oxic water column of the Orca Basin.
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CONCLUSION
Vertical profiles for dissolved Po-210, Pb-210, and 
Ra-226 in waters overlying and in the Orca Basin, have 
revealed the following information:
1) Surface water exhibited a deficiency in Pb-210 with 
respect to its parent, Ra-226, a feature which is 
possibly related to the advection of water from the 
continental margin and mouth of the Mississippi River 
or due to the boundary affect as continental margins 
are approached.
2) In older waters between 78 m and 2078 m, Po-210 and 
Pb-210 are virtually at secular equilibrium, with no 
significant departures evident.
3) At the Orca Basin oxic-anoxic interface, strong maxima 
are exhibited in the profiles of Po-210, Pb-210, and 
Ra-226, reaching concentrations of 56.0, 28.3, and 
840 dpm/100 kg, respectively. The Po-210/Pb-210
activity ratio is 2.0 and requires a source that is
enriched in Po-210 and/or more effective removal of 
Pb-210. The excess Po-210 at this boundary may be
supplied by the decomposition of biogenic particulate 
matter. The sharp concentration maxima for all three
radionuclides may also be coupled to the Mn redox 
c y c l e .
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4) Within the anoxic brine, dissolved Po-210, Pb-210, and 
Ra-226 decrease to ca. 9, 6, and 200 dpm/100 kg, 
respectively. The existence of high concentrations of 
Po-210 and Pb-210 in the brine is unlike anoxic waters 
of the Cariaco Trench, where an abundance in dissolved 
sulfide may allow for efficient removal of these 
radionuclides by metal-sulfide precipitation.
5) The removal residence time of dissolved Pb-210 in the 
Orca Basin is ca. 1 year.
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Appendix 4.1 Ra-226 and dissolved Po-210 and Pb-210
concentrations in the Orca Basin,
Gulf of Mexico
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Depth Temp. S Po-210 Pb-210 Ra-226 Po-210 Pb-210
(meters) (°C) (°/oo)  (dpn/100 kg)----------  Pb-210 Ra-226
2316 5.63 263.17     194 + 6 ---------  --------
2367 5.66 263.94     208 + 20 --------- --------
All counting errors are one sigjna
Ra-226 samples from the brine were filtered tlirough 1 um pore size filters (all other Ra-226 samples were unfiltered) 





The major objective of this thesis has been to gain a 
better insight into the behaviors of three 
naturally-occurring and particle-reactive radionuclides, 
Po-210, Pb-210, and Be-7, in the aquatic environment. In
order to accomplish this, we have looked at the atmospheric 
source term of Pb-210 and Be-7 to shallow aquatic systems, 
since their atmospheric inputs will be the predominant 
source to these environments. Theoretically, there should 
be two components of atmospheric deposition, 1) that which 
is deposited during dry conditions, and 2) that which is 
washed out by wet-precipitation events. It was found that 
this wetfall component contributes greater than 90 percent 
of the total atmospheric depositional flux of Pb-210 and 
Be-7. The depositional fluxes of both radionuclides to 
lower Chesapeake Bay were found to be lower, by a factor of 
two, than those measured in New Haven, Connecticut, 
however, were a factor of two greater than measured at 
other worldwide locations. The spatial and temporal 
variability in the Be-7 depositional flux is clearly a 
topic to which more attention should be focused, since our 
present models rely on a constant source term. If this 
source term is variable, then the models on which we rely
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are not valid and must be modified to account for the 
non-steady state supply of Be-7. The seasonal variations 
in Be-7 depositional flux have been well-documented. This 
is not the case for Pb-210 however, which was found to 
correlate well with Be-7, having a similar seasonal trend, 
with highest fluxes in the Spring. This is intriguing if 
one considers that the source for Pb-210 is Rn-222 
emanation from crustal material, while that for Be-7 is 
spallation reactions in the upper atmosphere. It does not 
seem logical that the two radionuclides should correlate 
well, unless there is a similar time-dependence in the 
sources which supply these radionuclides to the atmosphere. 
It has been established that Rn-222 flux may be affected by 
several factors, including atmospheric pressure variations 
and frozen ground. It is possible that ground thaw in the 
early Spring allows for a greater escape of Rn-222 to the 
troposphere. This would then correlate well with the 
thinning of the tropopause which allows a stratospheric 
Be-7 component to be downmixed into the troposphere. 
Further investigations may bear-out that this is the cause 
for the correlation between Be-7 and Pb-210 fluxes.
In order to investigate the behaviors of these 
radionuclides once they are deposited to a shallow coastal 
environment, I have adopted an approach which allows for 
the direct observation of radionuclide removal as a 
function of time. This procedure, referred to as the 
natural spiking experiment, relies on the natural spiking
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of a body of water with atmospherically-derived 
radionuclides, such as Pb-210 and Be-7. Once deposited, 
there should theoretically be an elevation in the 
concentrations of these radionuclides in the receiving 
waters. In this investigation, we observed a marked 
elevation in the concentrations of these radionuclides 
immediately following a precipitation event and then the 
concentrations decreased with time. The removal process 
has been treated as a first-order process as a first 
approximation. However, many of the removal curves could 
not be explained adequately by first-order removal. 
Between these two tracers, Be-7 is apparently the better 
tracer, since its concentrations in rain are several times 
higher than those of Pb-210. Furthermore, Be-7 is entirely 
atmospherically-derived, while a part of the Pb-210 may 
have been formed from the decay of dissolved Ra-226. One 
of the most interesting features in the natural spiking 
experiment was the elevated concentrations of Po-210 
immediately following a precipitation event, and in Event 
D, there was even an excess relative to Pb-210. It is 
difficult to explain this excess Po-210. Since the 
atmospheric flux of Po-210 is small, we would therefore not 
expect to see an elevated Po-210 concentration as a result 
of a rain event. It has been hypothesized that the excess 
Po-210 was supplied by the remobilization of Po-210 from 
the sediments. This decoupling of the geochemistries of 
Pb-210 and Po-210 merits a more careful look in the future.
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The data also suggest the importance of fine particles in 
controlling the distributions of these radionuclides in 
coastal waters. The speciation of radionuclides is 
apparently an important topic that should also be studied 
in greater detail.
The final study of the thesis was performed in a 
rather unique geochemical setting; the anoxic, non-sulfide 
bearing brine of Orca Basin. Surface waters of the Orca 
Basin were shown to have a deficit in dissolved Pb-210 
relative to Ra-226. This was not expected since the 
atmospheric flux of Pb-210 generally dominates the supply 
of this radionuclide to waters in the mixed layer of 
oceanic waters. This feature is most likely the result of 
boundary scavenging, producing Pb-210/Ra-226 activity 
ratios less than one, as continental margins are 
approached. It would be interesting to observe the 
activity ratios of dissolved Pb-210/Ra-226 in a transect 
from the Orca Basin towards the Mississippi River, to see 
if this Pb-210 deficit becomes more evident as a 
continental margin is approached.
The pycnocline which exists at the Orca Basin 
seawater/brine interface acts as an effective trap for 
sinking particulate matter. At this depth, oxygen drops to 
undetectable concentrations. Dissolved Po-210, Pb-210, and 
Ra-226 concentrations are observed to increase to some of 
the highest reported values in the oceanic literature. It 
has been suggested that the geochemistries of Pb-210 and
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Ra-226 may be coupled to the manganese cycle, and the 
maximum "is related to the dissolution of a manganese 
oxide/hydroxide carrier phase. Within the brine, the 
concentrations of all three radionuclides remain high. It 
appears that although metal-sulfide precipitation may 
operate to some extent, it is not capable of removing the 
entire inventory of these radionuclides from solution. 
Future work on the Orca Basin should also include a more 
detailed sampling scheme at the seawater/brine interface. 
In this study, particulate Po-210 and Pb-210 were not 
determined. These data and data on the distributions of 
the major redox-sensitive species would be helpful if the 
geochemical processes occurring at the interface were to be 
quantified.
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APPENDIX A 
COMPUTER PROGRAMS




10 REM THIS PROGRAM CALCULATES THE SPECIFIC ACTIVITIES
20 REM (DPM/100 KG) OF PO-210 AND PB-210 IN A WATER SAMPLE.
30 REM THE COMPLETE ANALYTICAL HISTORY OF THE SAMPLE IS
40 REM ALSO LISTED
50 INPUT "Sample location ";SL$
60 INPUT ''Sample depth (meters) ";DP
70 INPUT "Date sample collected (MM.DD.YYYY) ";M(1),D(1),Y(1)
80 INPUT "Coprecipitation date (MM.DD.YYYY) ";M(2),D(2),Y(2)
90 INPUT "Weight of sample coprecipitate.d (kg) ";SW
100 INPUT "Stable Pb coprecipitation yield (%) ";PB
110 INPUT "Po-210 blank from stable Pb carrier (dpm/mg)---";BK
120 INPUT "Amount of stable Pb carrier added to sample (mg Pb)-";CA
130 PRINT "If Po-210 is not being determined (i.e. first plating disk"
140 INPUT was not counted), type 999, otherwise type 1---";W
150 IF W = 999 THEN 260
160 INPUT "Po-209 specific activity (dpm/ml) added prior to coprecipitation--- ";SA
180 INPUT "One sigma error for Po-209 specific activity (dpm/ml) ";SA(1)
190 INPUT "Calibration date of Po-209 tracer added before coprecipitation (MM.DD.YYYY) ";M(
3),D(3),Y(3)
210 INPUT "Volume of Po-209 tracer added to sample prior to coprecipitation (ml) ";SV(1)
230 INPUT "Detector number for first disk counting ";DN(1)
240 PRINT "Counting efficiency of detector #";DN(1);
250 INPUT "(%) ";CE
260 INPUT "Date of first plating (MM.DD.YYYY) ";M(4),D(4),Y(4)
270 INPUT "First plating disk identification number ";DF$
280 INPUT "First disk plating time (hours)— ";FD 
290 IF W = 999 THEN 340
300 INPUT "Counting date of first plating disk (MM.DD.YYYY) ";M(5),D(5),Y(5)
310 INPUT "Counting time of first plating disk (minutes) ";CT(1)
320- INPUT "Background corrected Po-209 counts------- ";C(1)
330 INPUT "Background corrected Po-210 counts------- ";C(2)
340 INPUT "Po-209 specific activity (dpm/ml) added prior to second plating ";SB
360 INPUT "One sigma error for Po-209 specific activity (dpm/ml)-";SA(2)
365 INPUT "Calibration date of Po-209 tracer added prior to second plating (MM.DD.YYYY) ";M
(6),D(6),Y(6)
380 INPUT "Volume of Po-209 tracer added to sample prior to second plating (ml) ";SV(2)
400 INPUT "Detector number for second disk counting ";DN(2)
410 INPUT "Date of second plating (MM.DD.YYYY) ";M(7),D(7),Y(7)
420 INPUT "Second plating disk identification number ";DS$
430 INPUT "Second disk plating time (hours) ";SD
440 INPUT "Counting date of second plating disk (MM.DD.YYYY) ";M(8),D(8),Y(8)
450 INPUT "Counting time of second plating disk (minutes) ";CT(2)
460 INPUT "Background corrected Po-209 counts------- ";C(3)
470 INPUT "Background corrected Po-210 counts------- ";C(4)
480 REM Cl, C2, C3, AND C4 ARE RADIOACTIVE DECAY CONSTANTS, WHERE
490 REM C1=PB-210 (1/DAY), C2=PO-210 (1/DAY), C3=PO-209 (1/DAY),
500 REM AND C4-P0-210 (1/MINUTE)
510 Cl = 8.5253E - 5 
520 C2 = 5.009E - 3 
530 C3 = 1.8605E - 5 
540 C4 = 3.4785E - 6
550 REM CALCULATE DAYS BETWEEN DATE OF P0-209 SPECIFIC ACTIVITY
560 REM AND SECOND DISK COUNTING DATE
570 M(9) = M(6)
580 D(9) - D(6)
590 Y(9) = Y(6)
600 M(10) - M(8)
610 D(10) = D(8)
620 Y(10) = Y(8)
630 GOSUB 2220 
640 R1 = R
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660 REM CALCULATE DAYS BETWEEN SECOND PLATING DATE AND SECOND DISK
670 REM COUNTING DATE
680 M(9) - M(7)
690 D(9) - D(7)
700 Y(9) - Y(7)
710 M(10) - M(8)
720 D(10) = D(8)
730 Y(10) - Y(8)
740 GOSUB 2220 
750 R2 » R
770 REM CALCULATE DAYS BETWEEN FIRST PLATING AND SECOND PLATING
780 M(9) - M(4)
790 D(9) = D(4)
800 Y(9) = Y(4)
810 M(10) « M(7)
820 D(10) - D(7)
830 Y(10) - Y(7)
840 GOSUB 2220 
850 R3 = R
870 REM • CALCULATE DAYS BETWEEN COPRECIPITATION DATE AND FIRST
880 REM PLATING DATE
890 M(9) = M(2)
900 D(9) - D(2)
910 Y(9) - Y(2)
920 M(10) = M(4)
930 D(10) - D(4)
940 Y(10) - Y(4)
950 GOSUB 2220 
960 R4 « R
980 IF W » 999 THEN 1315
990 REM CALCULATE BETWEEN DATE OF P0-209 SPECIFIC ACTIVITY
1000 REM AND FIRST DISK COUNTING DATE
1010 M(9) « M(3)
1020 D(9) = D(3) '
1030 Y(9) » Y(3)
1040 M(10) - M(5)
1050 D(10) - D(5)
1060 Y(10) > Y(5)
1070 GOSUB 2220 
1080 R5 = R
1100 REM CALCUUTE DAYS BETWEEN FIRST PLATING DATE AND
1110 REM FIRST DISK COUNTING DATE
1120 M(9) = K(4)
1130 D(9) = D(4)
1140 Y(9) - Y(4)
1150 M(10) = M(5)
1160 D(10) - D(5)
1170 Y(10) = Y(5)
1180 GOSUB 2220 
1190 R6 = R
1210 REM CALCULATE DAYS BETWEEN DATE SAMPLE COLLECTED AND
1220 REM COPRECIPITATION DATE
1230 M(9) = M(l)
1240 D(9) = D(l)
1250 Y(9) = Y(l)
1260 M(10) = M(2)
1270 D(10) = D(2)
1280 Y(10) = Y(2)
1290 GOSUB 2220 
1300 R7 = R
1315 REM CORRECT SECOND DISK PO-210 COUNTS FOR DECAY DURING COUNTING
1320 A(l) - INT ((C(4) * ( - C4)) / ( EXP (( - C4) * CT(2)) - 1) * CT(2)) 
1330 I = SQR (C(3))
1340 J - SQR (A(l))
1360 K = A(l) / C(3)
1370 REM CALCUUTE PO-209 ACTIVITY ON SECOND DISK COUNTING DATE
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1380 A(2) = SB * SV(2) * ( EXP (( - C3) * Rl))
1390 EA(2) = SA(2) * SV(2) * ( EXP (( - C3) * Rl))
1410 REM CALCUUTE PO-210 ACTIVITY ON SECOND DISK COUNTING DATE
1420 A(3) = A(2) * K
1430 EA(3) = K * ( SQR ((A(l) / (A(l) * A(l))) + (C(3) / (C(3) * C(3)))))
1440 EA(4) = SQR (((U(2) * U(2)) * (K * K)) + ((EA(3) * EA(3)) * (A(2) * A(2))))
1460 REM CALCUUTE PO-210 ACTIVITY ON SECOND DISK PLATING DATE
1470 A(4) = A(3) / ( EXP (( - C2) * R2))
1480 EA(5) - EA(4) / ( EXP (( - C2) * R2))
1500 REM CALCUUTE PB-210 ACTIVITY ON FIRST DISK PUTING DATE
1510 A(5) =. (((C2 - Cl) * A(4)) / (C2 * ( EXP (( - Cl) * R3) - EXP (( - C2) * R3))))
1520 EA(6) = (((C2 - Cl) * U(5)) / (C2 * ( EXP (( - Cl) * R3) - EXP (( - C2) * R3))))
1540 REM CALCUUTE PB-210 IMMEDIATELY FOLLOWING COPRECIPITATION
1550 A(6) - A(5) / ( EXP (( - Cl) * R4))
1560 EA(7) - EA(6) / ( EXP (C - Cl) * R4))
1580 Y - PB / 100
1585 REM CORRECT PB-210 ACTIVITY FOR PB-210 BLANK IN STABLE PB CARRIER
1590 A(7) - (A(6) / Y) - (CA * BK)
1600 EA(8) = EA(7) / Y
1620 REM CALCUUTE PB-210 SPECIFIC ACTIVITY ON SAMPLING DATE
1630 A(8) - A(7) / SW * 100
1640 EA(9) - EA(8) / SW * 100
1660 IF W - 999 THEN 2325
1670 REM CORRECT FIRST DISK PO-210 COUNTS FOR DECAY DURING COUNTING
1680 B(l) - INT ((C(2) * ( - C4)) / ( EXP (( - C4) .* CT(1)) - 1) * CT(1))
1690 L - SQR (C(l))
1700 M - SQR (B(l))
1710 N - B(l) / C(l)
1730 REM CALCUUTE PO-209 ACTIVITY ON FIRST DISK COUNTING DATE
1740 B(2) - SA * SV(1) * ( EXP (( - C3) * R5))
1750 EB(2) - SA(1) * SV(1) * ( EXP (( - C3) * R5))
1770 REM CALCUUTE PO-210 ACTIVITY ON FIRST DISK COUNTING DATE
1780 B(3) » (B(l) / CT(1)) / (CE / 100)
1790 EB(3) - (M / CT(1)) / (CE / 100)
1800 REM CALCUUTE PO-210 ACTIVITY ON FIRST DISK PUTING DATE
1810 B(4) - B(3) / ( EXP (( - C2) * R6))
1820 EB(4) = EB(3) / ( EXP (( - C2) * R6))
1840 RIM CALCUUTE PO-210 IMMEDIATELY FOLLOWING COPRECIPITATION
1850 B(5) - (B(4) - (C2 / (C2 - Cl)) * A(6) * ( EXP (( - Cl) * R4) - EXP (( - C2) * R4))) / ( 
EXP (( - C2) * R4))
1870 EB(5) = EB(4) * ( EXP ((C2) * R4))
1890 EB(6) = EA(7) * (( EXP (( - Cl) * R4) - EXP (( - C2) * R4)) * (C2 / (C2 - Cl)) * ( EXP ( 
(C2) * R4)))
1910 EB(7) = SQR ((EB(5) * EB(5)) + (EB(6) * EB(6)))
1930 REM CALCUUTE PO-209 COPRECIPITATION YIELD
1940 B(6) - ((C(l) / CT(1)) / (CE / 100))
1950 EB(8) = ((L / CT(1)) / (CE / 100))
1960 B(7) - B(6) / B(2)
1970 EB(9) « B(7) * ( SQR (((EB(8) * EB(8)) / (B(6) * B(6))) + ((EB(2) * EB(2)) / (B(2) * B(2) 
))))
1990 IF B(7) > 1 THEN B(7) = 1
2000 REM CALCUUTE P0-210 IMMEDIATELY BEFORE COPRECIPITATION
2010 B(8) = B(5) / B(7)
2020 EB(IO) = B(8) * ( SQR (((EB(7) * EB(7)) / (B(5) * B(5))) + ((EB(9) * EB(9)) / (B(7) * B(7
)))))
2040 REM CORRECT PO-210 ACTIVITY FOR PO-210 BLANK IN STABLE PB CARRIER
2050 B(9) = B(8) - (CA * BK)
2060 EB(ll) = EB(IO)
2080 REM CALCUUTE PO-210 SPECIFIC ACTIVITY ON SAMPLING DATE
2090 B(10) « (B(9) - (C2 / (C2 - Cl)) * A(7) * ( EXP (( - Cl) * R7) - EXP (( - C2) * R7))) /
( EXP (( - C2) * R7))
2100 EB(12) = EB(ll) * ( EXP ((C2) * R7))
2110 EB(13) = EA(8) * (( EXP (( - Cl) * R7) - EXP (( - C2) * R7)) * (C2 / (C2 - Cl)) * ( EXP
((C2) * R7)))
2120 EB(14) = SQR ((EB(12) * EB(12)) + (EB(13) * EB(13)))
2140 B(11) = B(10) / SW * 100 
2150 EB(15) = EB(14) / SW * 100
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2170 REM CALCULATE P0-210/PB-210 ACTIVITY RATIO
2180 B(12) - BC11) / A(8)
2190 EB(16) - B(12) * ( SQR (((EB(15) * EB(15)) / (B(ll) * B(ll))) + ((EA(9) * EA(9)) / (A(8) * 
A(8)))))
2210 GOTO 2325
2220 REM LOOP FOR ELAPSED TIME
2230 R = 0
2240 FOR Q - 9 TO 10
2250 IF M(Q) « 1 OR M(Q) - 2 THEN 2300
2260 T - 365 * Y(Q) + D(Q) + 31 * (M(Q) - 1) - INT (0.4 * M(Q) + 2.3) + BIT (Y(Q) '/ 4) - INT 
(0.75 * INT (Y(Q) / 100 + 1))
2270 R - T - R 
2280 NEXT Q
2290 GOTO 2320
2300 T - 365 * Y(Q) + D(Q) + 31 * (M(Q) - 1) + INT ((Y(Q) - 1) / 4) - INT (0.75 * ( INT (Y(Q 
) -  1) /  100 + 1))
2310 GOTO 2270
2320 RETURN
2325 PRINT : PRINT : PRINT : PRINT : PRINT
2330 PR# 1
2340 AA$ = CHR$ (27)
2350 BB$ - CHR$ (38)
2360 CC$ = CHR$ (36)
2370 PRINT "Sample location: ";SL$
2380 PRINT
2390 PRINT "Sample depth: ";DP;" meters"
2400 PRINT "Date sample collected: ";M(1)"/"D(1)"/"Y(1) ,
2410 PRINT "Coprecipitation date: ";M(2)"/"D(2)"/"Y(2)
2420 PRINT "Weight of sample coprecipitated: ";SW;" kg"
2430 IF W - 999 THEN 2490
2440 PRINT "Po-209 specific activity added prior to"
2450 PRINT" coprecipitation: ";SA;: PRINT AA$;BB$;"D";AA$;CC$;SA(1);" dpm/ml"
2460 PRINT "Calibration date of Po-209 tracer added before coprecipitation: ";M(3)"/"D(3)"/"Y 
(3)
2470 PRINT "Volume of Po-209 tracer added prior to coprecipitation: ";SV(l)j" ml"
2490 PRINT "Po-209 specific activity added prior to. second plating: ";SB;: PRINT AA$;BB$;"D";
AA$;CC$;SA(2);" dpm/ml"
2500 PRINT "Calibration date of Po-209 tracer added prior to second plating: ";M(6)"/"D(6)"/" 
Y(6)
2520 PRINT "Volume of Po-209 tracer added prior to second plating: ";SV(2);" ml"
2540 IF W = 999 THEN 2580
2550 PRINT "Detector number for first disk counting: ";DN(1)
2560 PRINT "Counting efficiency of detector number ";DN(1);": ";CE;" %"
2570 PRINT "Po-209 coprecipitation yield: ”;(B(6) / B(2)) * 100;" %"
2580 PRINT "Stable Pb coprecipitation yield: ";PB;" %"
2590 PRINT "Detector number for second disk counting: ";DN(2)
2600 PRINT "Po-210 blank from stable Pb carrier: " ;3K;" dpm/mg Pb"
2610 PRINT "Amount of stable Pb carrier added to sample: ";CA;" mg Pb"
2620 PRINT : PRINT : PRINT : PRINT
2630 PRINT "Date of first plating: ";M(4)"/"D(4)"/"Y(4)
2640 PRINT "First plating disk identification number: ";DF$
2650 PRINT "First disk plating time: ";FD;" hours"
2660 IF W = 999 THEN 2710
2670 PRINT "Counting date of first plating disk: ";M(5)"/"D(5)"/"Y(5)
2680 PRINT "Counting time of first plating disk: ,!;CT(1);" minutes"
2690 PRINT "Background corrected Po-209 counts: ”;C(1);: PRINT AA$;BB$;"D";AA$;CC$;L;" counts
n
2700 PRINT "Background corrected Po-209 counts: ";C(2);: PRINT AA$;BB$;"D";AA$;CC$; SQR (C(2)
);" counts"
2710 PRINT : PRINT : PRINT : PRINT
2720 PRINT "Date of second plating: ”;M(7)"/"D(7)"/"Y(7)
2730 PRINT "Second plating disk identification number: ";DS$
2740 PRINT "Second disk plating time: ";SD;" hours"
2750 PRINT "Counting date of second plating disk: ";M(8)"/"D(8)"/"Y(8)
2760 PRINT "Counting time of second plating disk: ";CT(2);" minutes"
2770 PRINT "Background corrected Po-209 counts: ";C(3);: PRINT AA$;BB$;"D";AA$;CC$;I;" counts
ft
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2780 PRINT ’’Background corrected Po-210 counts: ”;C(4);: PRINT AA$;BB$:"D";AA$;CC$; SQR (C(4) 
);" counts"
2790 PRINT : PRINT : PRINT 
2800 IF W - 999 THEN 2820
2810 PRINT "Po-210 specific activity on ”;M(1)"/"D(1)"/"Y(1)”;B(11);: PRINT AA$;BB$:"D";A 
A$;CC$;EB(15);" dpm/100 kg"
2812 PRINT "One sigma counting error: ”;EB(15) / B(ll) * 100;" %"
2814 PRINT
2820 PRINT "Pb-210 specific activity on ";M(1)"/"D(1)"/"Y(1);": ”;A(8);: PRINT AA$;BB$;"D";AA 
$;CC$;EA(9);" dpm/100 kg"
2822 PRINT "One sigma counting error: ”;EA(9) / A(8) * 100;" %"
2824 PRINT
2830 IF W - 999 THEN 2850
2840 PRINT "Po-210/Pb-210 activity ratio on ";M(1)"/"D(1)"/"Y(1);": ”;B(12);: PRINT AA$;BB$;"
D";AA$;CC$;EB(16)
2845 PRINT "One sigma counting error: ”;EB(16) / B(12) * 100;" %"
2850 PR# 0: END
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10 REM THIS PROGRAM CALCULATES THE SPECIFIC ACTIVITIES (DPM/G)
20 REM OF TOTAL AND EXCESS PB-210 IN A SEDIMENT SAMPLE AS WELL
30 REM AS LISTING THE SAMPLE’S ENTIRE ANALYTICAL HISTORY
40 INPUT "Sample location ";SL$
50 INPUT "Sample depth interval (cm) ";SD$
60 INPUT "Date sample obtained (MM.DD.YYYY)-------- ”;M(1),D(1),Y(1)
70 INPUT "Sample mass (grams) ";SM
80 INPUT "Po-209 specific activity (dpm/ml)— ";SA
90 INPUT "One sigma error for Po-209 specific activity (dpm/ml) ” ;SA(1)
100 PRINT "Date Po-209 specific activity";
101 INPUT " (MM.DD.YYYY) ”;M(2),D(2),Y(2)
110 INPUT "Volume of Po-209 tracer added to sample (ml) ";V
120 INPUT "Plating date (MM.DD.YYYY) ”;M(3),D(3),Y(3)
130 INPUT "Plating time (hours) ";PT
140 INPUT "Counting date (MM.DD.YYYY) ”;M(4),D(4),Y(4)
150 INPUT "Counting time (minutes) ";CT
160 INFJT "Disk identification number ";DK$
170 INPUT "Background corrected Po-209 counts ”;C4
180 INPUT "Background corrected Po-210 counts ";C5
190 PRINT "Ra-226 supported Pb-210 activity (dpm/g) -"
200 INPUT " If unknown, enter 999---";RA
205 IF RA = 999 THEN 210
207 INPUT "One sigma error for Ra-226 supported Pb-210 (dpm/g) ” ;RA(1)
210 REM Cl, C2, AND C3 ARE RADIOACTIVE DECAY CONSTANTS, WHERE
220 REM Cl-PB-210 (1/DAY), C2=PO-210 (1/DAY), AND C3=P0-209 (1/DAY)
230 Cl - 8.5253E - 5
240 C2 = 5.009E - 3
250 C3 = 1.8605E - 5
260 REM CALCULATE DAYS BETWEEN DATE OF PO-209 SPECIFIC ACTIVITY
270 REM AND COUNTING DATE
280 M(5) = M(2)
290 D(5) = D(2)
300 Y(5) - Y(2)
310 M(6) - M(4)
320 D(6) - D(4)
330 Y(6) - Y(4)
340 GOSUB 770 
350 Rl = R
360 REM CALCULATE DAYS BETWEEN PLATING AND COUNTING DATES
370 M(5) - M(3)
380 D(5) - D(3)
390 Y(5) = Y(3)
400 M(6) = M(4)
410 D(6) = D(4)
420 Y(6) = Y(4)
430 GOSUB 770
440 R2 » R
450 REM CALCULATE DAYS BETWEEN DATE SAMPLE OBTAINED AND PLATING DATE
460 M(5) = M(l)
470 D(5) - D(l)
480 Y(5) - Y(1)
490 M(6) » M(3)
500 D(6) - D(3)
510 Y(6) = Y(3)
520 GOSUB 770
530 R3 = R
540 REM CALCULATE ACTIVITY OF PO-209 ON COUNTING DATE
550 FI = SA * V * ( EXP (( - C3) * Rl))
560 El - SA(1) * V * ( EXP (( - C3) * Rl))
570 REM CALCULATE ACTIVITY OF PO-210 ON COUNTING DATE
580 F2 = FI * C5 / C4
590 I = SQR (C4)
600 J = SQR (C5)
610 K = C5 / a
620 E2 = K * ( SQR ((C5 /.(C5 * C5)) + (C4 / (C4 * C4))))
630 E3 = SQR (((El * El) * (K * K)) + ((E2 * E2) * (FI * FI)))
640 REM CALCULATE ACTIVITY OF PO-210 ON PUTING DATE
650 F3 = F2 / ( EXP (( - C2) * R2))
660 E4 = E3 / ( EXP (( - C2) * R2))
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670 REM CALCULATE SPECIFIC ACTIVITY OF TOTAL PB-210
680 F4 « F3 / SM
685 E5 = E4 / SM
690 IF RA - 999 THEN 880
700 REM CALCUUTE EXCESS PB-210 SPECIFIC ACTIVITY ON PUTING DATE
710 F5 - F4 - RA
720 E6 - SQR ((E5 * E5) + (RA(1) * RA(1)))
730 REM CALCUUTE EXCESS PB-210 SPECIFIC ACTIVITY ON DATE SAMPLE OBTAINED
740 F6 - F5 / ( EXP (( - Cl) * R3))
750 E7 - E6 / ( EXP (( - Cl) * R3))
760 GOTO 880
770 REM LOOP FOR TIME ELAPSED
780 R » 0
790 FOR Q - 5 TO 6
800 IF M(Q) - 1 OR M(Q) = 2 THEN 850
810 T - 365 * Y(Q) + D(Q) + 31 * (M(Q) - 1) - INT (0.4 * M(Q) + 2.3) + INT (Y(Q) / 4) - INT 
(0.75 * INT (Y(Q) / 100 + 1))
820 R - T - R 
830 NEXT Q 
840 GOTO 870
850 T = 365 * Y(Q) + D(Q) + 31 * (M(Q) - 1) + INT ((Y(Q) - 1) / 4) - INT (0.75 * ( INT (Y(Q) 




890 PRINT "Sample location: ";SL$
895 PRINT
900 PRINT "Sample depth interval: ";SD$;" cm"
910 PRINT "Date sample obtained: ";M(1)"/"D(1)"/"Y(1)
920 PRINT "Sample mass: ";SM;" grams"
930 PRINT "Po-209 specific activity: ";SA;: PRINT CHR$ (27); CHR$ (38);"D";
931 PRINT CHR$ (27); CHR$ (36);SA(1);" dpm/ml"
941 PRINT "Date of Po-209 specific ";
942 PRINT "activity: ";M(2)"/"D(2)"/"Y(2)
950 PRINT "Volume of Po-209 tracer added to sample: ";V;" ml"
960 PRINT "Po-209 activity on counting date: ";F1;: PRINT CHR$ (27); CHR$ (38);"D";
961 PRINT CHR$ (27); CHR$ (36);E1;" dpm"
970 PRINT "Po-210 activity on counting date: ";F2;: PRINT CHR$ (27); CHR$ (38);"D";
971 PRINT CHR$ (27); CHR$ (36);E3;" dpm"
980 PRINT "Po-210 activity on plating date: ";F3;: PRINT CHR$ (27); CHR$ (38);"D";
981 PRINT CHR$ (27); CHR$ (36);E4;M dpm"
990 PRINT "Plating date: ";M(3)"/"D(3)"/"Y(3)
1000 PRINT "Plating time: ";PT;" hours"
1010 PRINT "Counting date: ";M(4)"/"D(4)"/"Y(4)
1020 PRINT "Counting time: ";CT;" minutes"
1030 PRINT "Disk identification number: ";DK$
1040 PRINT "Background corrected Po-209 counts: ";C4;: PRINT CHR$ (27); CHR$ (38);"D";
1041 PRINT CHR$ (27); CHR$ (36);I;" counts"
1050 PRINT "Background corrected Po-210 counts: ";C5;: PRINT CHR$ (27); CHR$ (3S);"D";
1051 PRINT CHR$ (27); CHR$ (36);J;" counts"
1060 PRINT : PRINT : PRINT
1070 PRINT "Total Pb-210 specific activity on ";M(1)"/"D(1)"/"Y(1);": ";F4;: PRINT CHR$ (27) 
; CHR$ (38);"D";
1071 PRINT CHR$ (27); CHR$ (36);E5;" dpm/g"
1072 PRINT "Counting error: ";(E5 / F4) * 100;" %"
1073 PRINT
1080 IF RA = 999 THEN 1110
1090 PRINT "Excess Pb-210 specific activity on ";M(1)"/"D(1)"/"Y(1)";F6;: PRINT CHR$ (27 
); CHR$ (38);"D";
1091 PRINT CHR$ (27); CHR$ (36);E7;" dpm/g"
1092 PRINT "Counting error: ";(E7 / F6) * 100;" %"
1093 PRINT
1100 PRINT "Ra-226 supported Pb-210 specific activity on ";M(1)"/"D(1)"/"Y(1);": ";RA;: PRINT 
CHR$ (27); CHR$ (38);"D";
1101 PRINT CHR$ (27); CHR$ (36);RA(1);" dpm/g"
1102 PRINT "Counting error: ";(RA(1) / RA) * 100;" %"
1110 PR# 0: END
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A P P E N D IX  B















dry (at 40°C) sample








0.04M NH„0H*HC1 + 25% HOAc 
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APPENDIX B (CONT’D)








Fe/Mn oxides 0.043 1.4





•$*Operationally defined by chemical extractant 
(Tessier et al., 1981)
Average of five replicate samples (10-gram subsample) 
aHF-HN03-HC10^ digestion on separate 10-gram subsample 
^digestion on separate 10-gram subsample





Depth S Pb-210a Pb-210b
(m) (°/oo)  (dpm/100 L)------
10 34.115 14.6 14.8
120 34.729 7.0 6.3
300 34.653 8.3 7.8
500 34.857 9.8 9.5
Counting errors ca, 5 percent
a analysis by alpha spectrometry (Old Dominion University)
b analysis by beta spectrometry (Dr. Ken Bruland; 
University of California; Santa Cruz, CA)









Vertex III Intercalibration Station Location
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D e te r m in a t io n  o f  23-9Pb i n  M arsh  S e d im e n ts  by  21 0 Po A n a ly s i s  
Rad i o n u c l i d e s
210P o : T% = 1 3 8 .3 8  d a y s
A lp h a  d e c a y  e n e r g y  = . 3 0 MeV
209P o : TSj = 10 2  y e a r s  -
A lp h a  d e c a y  e n e r g y  = 4 .8 8  MeV
R e a g e n ts
B ism u th  c a r r i e r  (1 0  mg B i+2/ m l ) :
2 .3 2  g ra m s  B ifN O ^ J j*  5H? 0 ( f .w .  4 8 5 .0 7 )  i s  d i s s o l v e d  i n  5 m l o f  co n ­
c e n t r a t e d  HNO^ a n d  d i l u t e d  t o  100 m l w i th  d e i o n i z e d  w a te r  i n  a  vo lum e­
t r i c  f l a s k .  S t o r e  i n  a  p o ly e t h y le n e  b o t t l e .
H y d ro x y la m in e  h y d r o c h l o r i d e  (20% w / v ) ;
100 g ra m s  NHjOH^HCL ( f .w .  6 9 .4 9 )  i s  d i l u t e d  t o  500  m l w i t h  d e io n iz e d
w a te r  i n  a  v o l u m e t r i c  f l a s k .  S to r e  i n  a  p o l y e t h y l e n e  b o t t l e .
Sodium  c i t r a t e  (25% w / v ) :
6 2 .5  g ra m s  Na^CgH^O^ •  2 ^ 0  ( f .w .  2 9 4 .1 0 )  i s  d i l u t e d  t o  250  m l. w i th
d e i o n i z e d  w a t e r  i n  v o lu m e t r i c  f l a s k .  S to r e  i n  a  p o l y e t h y l e n e  b o t t l e .
PROCEDURE
1) O b ta in  c o r e  o f  m a r s h  s e d im e n t .  F r e e z e  c o r e  u p o n  r e t u r n  t o  l a b o r a ­
t o r y  u n t i l  a n a l y s i s .
2) A f t e r  th a w in g ,  c u t  c o r e  w i th  t e f l o n  s p a t u l a  i n t o  2 cm i n t e r v a l s  
a n d  d e t e r m i n e  p o r o s i t y  ( i . e . ,  w a te r  c o n t e n t )  b y  d r y i n g  a t  7 0 -8 0  C 
t o  a  c o n s t a n t  w e ig h t  ( u s u a l l y  48 h o u r s ) .
3) P u l v e r i z e  e a c h  s e d im e n t  i n t e r v a l  w i th  a  m o r t a r  a n d  p e s t l e  t o  r e ­
d u c e  s a m p le  h e t e r o g e n e i t y .
4) T r a n s f e r  1  t o  10  g ram s o f  t h e  s e d im e n t  s a m p le  ( d e p e n d in g  on  e x ­
p e c t e d  a c t i v i t y )  t o  a  250 ml t e f l o n  b e a k e r .
5) Add a  m i x tu r e  o f  90 m l 16  N HNO^ + 10 m l c o n c e n t r a t e d  HC1C>4 t o  
b e a k e r  c o n t a i n i n g  t h e  s e d im e n t  s a m p le .
2096) S p ik e  s a m p le  w i t h  a p p r o x im a te ly  t h e  sam e a c t i v i t y  o f  Po ( y i e ld
210m o n i to r )  a s  t h a t  e x p e c te d  fro m  Po i n  t h e  s e d im e n t  s a m p le .
C o v e r  b e a k e r  w i t h  w a tc h  g l a s s .
7) H e a t m i x tu r e  a t  80°C  f o r  48 h o u r s  t o  i n s u r e  c o m p le te  o x i d a t i o n  
o f  m a r s h  o r g a n i c  m a t t e r .
8) Remove w a tc h  g l a s s  a n d  a l l o w  s o l u t i o n  t o  e v a p o r a t e  t o  a p p r o x i ­
m a t e ly  10  m l v o lu m e .
9) F i l t e r  m i x tu r e  t h r o u g h  a  GELMAN A /E  g l a s s  f i b e r  f i l t e r  i n t o  a
250  m l e r l e n m e y e r  vacuum  f l a s k .  Wash s e d im e n t  t w ic e  w i t h  10
m l a l i q u o t s  o f  2N HC1.
10) T r a n s f e r  c o n t e n t s  t o  a  250 m l p y re x  b e a k e r .
11) E v a p o r a t e  c o n t e n t s  o f  b e a k e r  t o  n e a r  d r y n e s s  N o te :  w h i t e  fum es
o f  HCL04 w i l l  b e  e v i d e n t .
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12) D i l u t e  s o l u t i o n  25 m l w i t h  2H HC1.
13) Add 5 m l o f  20% h y d ro x y la m in e  h y d r o c h l o r i d e ,  2 m l o f  25% w /v
so d iu m  c i t r a t e  ( c o m p le x e s  Fe+2),  an d  1 m l o f  b i s m u t h  a s  a  h o ld b a c k  
c a r r i e r  (K eep s  Z lO g i fro m  b e in g  d e p o s i t e d  o n to  s i l v e r  d i s k ) .
14) A d ju s t  pH t o  2 .0  w i t h  c o n c e n t r a t e d  NH^OH.
15) Add 0 .1  g  a s c o r b i c  a c i d  p e r  gram  o f  s e d im e n t  t o  r e d u c e  F e +3 t o
16) P l a c e  b e a k e r  o n  a  h o t  p l a t e / s t i r r e r ,  h e a t  t o  8 0 ° C , a n d  s t i r  w i t h  
t e f l o n  s t i r  b a r  f o r  2 - 3  m in u te s .
17) L o ad  p l e x i g l a s s  p o lo n iu m  d e p o s i t i o n  c e l l  w i t h  c l e a n  s i l v e r  d i s k  
a n d  im m erse  i n  s a m p le  s o l u t i o n .  Remove a l l  t r a p p e d  a i r  b u b b le s  
b e n e a t h  d i s k .  209po and Z10po a r e  s p o n t a n e o u s ly  d e p o s i t e d  o n to  
t h e  s i l v e r  d i s k .
18) P l a t e  f o r  4 h o u r s  a t  80°C  w h i le  s t i r r i n g .
19) Remove d i s k  f ro m  s o l u t i o n  an d  r i n s e  w i th  d e i o n i z e d  w a t e r .  D ry
d i s k  w i t h  a c e t o n e .  S t o r e  i n  a  p l a s t i c  M i l l i p o r e  f i l t e r  d i s k  
u n t i l  n e e d e d  f o r  c o u n t i n g  by  a lp h a  s p e c t r o m e t r y .
20) C o u n t 2 ^®Po a n d  2^ P o  a lp h a  p a r t i c l e s  by  a lp h a  s p e c t r o m e t r y .
21021) C a l c u l a t e  Po a c t i v i t y .
22) C a l c u l a t e  2 1 0 P b  b y  a s s u m in g  t h a t  210Po an d  210P b  a r e  a t  s e c u l a r
e q u i l i b r i u m  i n  t h e  s e d im e n t  sa m p le .
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Procedure for the Analysis of Po-210 and Pb-210 in Water 
Samples by APDC-Co Coprecipitation (after Bacon, 1975)
1) Filter 20-liters of water through an in-line AMF Cuno
Micro Wynd II filter and then through Gelman A/E glass
fiber filters. Place sample in 5-gallon capacity 
collapsible Cubitainer. Weigh sample.
2) Acidify sample with 40 ml of concentrated HC1.
3) Spike known activity of Po-209 and 5 ml of 1 mg Pb/ml
(as lead nitrate) into water sample. Allow tracers to 
equilibrate for a minimum of 12 hours.
4) Add 10 ml of cobalt nitrate solution (50 mg Co/L) to 
each liter of sample and shake well.
5) Add 10 ml of APDC solution (5 g APDC/L) to each liter 
of sample and shake well.
6) Allow solution to stand for one hour and then filter 
through two Gelman A/E glass fiber filters (142 mm 
diameter) in series.
7) Fold filters into quarters and place into a 400-ml 
pyrex beaker.
8) Add 90 ml of 16 N nitric acid and 60 ml of 12 N HC1 to
beaker. Place watch cover on beaker and leach filters
for 8 hours at 80°C.
9) Filter residue through Gelman A/E glass fiber filters.
10) Evaporate filtrate to ca. 100 ml.
11) Add 5 ml of 20% w/v hydroxylamine hydrochloride, 2 ml 
of 25% w/v sodium citrate, and 1 ml of bismuth holdback 
c a r r i e r .
12) Adjust pH to 2.0 with concentrated ammonium hydroxide 
(pH paper is sufficient for this step)
13) Add 0.2 g ascorbic acid to solution.
14) Place beaker on hotplate/stirrer, heat to 80°C, and 
stir with teflon-coated stir bar.
15) Load plating cell with a polished silver disk (backed 
with Scotch-tape) and immerse in sample. Remove all 
trapped air bubbles beneath plating cell.
16) Plate solution for 4 hours at 80°C with constant 
s t i r r i n g .
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17) Remove plating cell and rinse with 2 N HC1 into beaker.
18) Rinse silver disk with deionized water and dry with 
methanol.
19) Quantify Po-209 and Po-210 by alpha spectrometry.
20) Calculate Po-210 activity.
21) Quantitatively transfer contents of beaker to a 250-ml 
polypropylene bottle.
22) After 6 months or longer, transfer sample to a 250-ml 
pyrex beaker, evaporate solution to ca. 100 ml, spike 
with known activity of Po-209 tracer, add reagents, 
readjust pH to 2.0, and replate Po-209 and Po-210 onto 
silver disk.
23) Determine stable Pb coprecipitation yield by atomic 
absorption spectrophotometry.
24) Calculate Pb-210 activity.
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Procedure for Be-7 and Pb-210 determinations in water 
samples by Fe-hydroxide coprecipitation
1) Pump bay water through an in-line AMF Cuno Micro Wynd 
II filter cartridge into a 180-liter high-density 
polyethylene deldrum.
2) Add 250 ml of concentrated HC1 to sample. Add 100 ml 
of 1 mg Pb/ml (as lead nitrate), 100 ml of 1 mg Be/ml 
(as beryllium sulfate), and 40 ml of 40% w/v FeClg
to sample.
3) Allow tracers to equilibrate for 24 hours.
4) Adjust pH of sample to 10 with concentrated ammonium 
hydroxide.
5) After precipitate has settled (allow 12-24 hours), 
decant supernatent liquid and discard. Pour slurry 
into 5-gallon capacity collapsible Cubitainers.
6) Concentrate precipitate by centrifugation.
7) Dry precipitate in oven at 110°C.
8) Pulverize precipitate in electric ball-mill/shaker.
9) Analyze precipitate for Be-7 and Pb-210 by Ge(Li) 
gamma-ray spectrometry.
10) Determine coprecipitation yields for Be and Pb by flame 
atomic absorption spectrophotometry.
11) Calculate Be-7 and Pb-210 activities.
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